Development of an approach for interface pressure measurement and analysis for study of sitting by WU YAQUN
DEVELOPMENT OF AN APPROACH FOR INTERFACE 
PRESSURE MEASUREMENT AND ANALYSIS FOR 
















A THESIS SUBMITTED 
FOR THE DEGREE OF MASTER OF ENGINEERING 
DEPARTMENT OF MECHANICAL ENGINEERING 






I would like to express my deepest appreciation and gratitude to the following people 
for their guidance and advice throughout the course of this project: 
 Prof Wong Yoke San, Supervisor, National University of Singapore, 
Department of Mechanical Engineering, Manufacturing Group, for his 
valuable instructions and suggestions throughout this project.  
 A/Prof Loh Han Tong, Co-supervisor, National University of Singapore, 
Department of Mechanical Engineering, Manufacturing Group, for his 
continuous suggestions and support. 
 A/Prof Lu Wen Feng, National University of Singapore, Department of 
Mechanical Engineering, Manufacturing Group, for providing numerous ideas 
and useful discussions. 
 Prof Jerry Fuh Ying Hsi, National University of Singapore, Department of 
Mechanical Engineering, Manufacturing Group, for his kind concern and 
support. 
 Dr. Ronny Tham Quin Fai and Dr. Ong Fook Rhu, Singapore Polytechnic, 
Biomechanics Laboratory, for their kind help and cooperation in this project. 
 Mr. Huang Wei Hsuan, Ms. Chen Mingqiong, Mr. Wu Shao Rong and Mr. 
Kuan Yee Han, Project Team Members, National University of Singapore, 
Department of Mechanical Engineering, Manufacturing Group, for their 
assistance and contributions in the project. 
I wish to thank the Final-year Project students in Singapore Polytechnic who have 
been involved in this project for their contributions and efforts in this project. I also 
appreciate the members at Centre for Intelligent Products and Manufacturing System 
(CIPMAS) laboratory: Zhou Jinxin, Xu Qian, Ng Jinh Hao, Wang Xue, Chang Lei for 
their helpful group discussions and ideas, and the staff of the Advanced 
Manufacturing Laboratory (AML), Control Laboratory for their support and technical 
expertise in overcoming the many difficulties encountered during the course of the 
project.  
Last but not least, I would like to acknowledge the participation of all the 
experimental subjects in this project. I offer my regards and blessings to all of those 
who supported me in any respect during the completion of the project. 
Table of Contents 
II 
 
Table of Contents 
Acknowledgements ................................................................................................................... I 
Table of Contents .................................................................................................................... II 
Summary  ......................................................................................................................... IV 
List of Tables  ......................................................................................................................... VI 
List of Figures ...................................................................................................................... VII 
List of Abbreviations ............................................................................................................. IX 
CHAPTER 1 Introduction ..................................................................................................... 1 
1.1 Prolonged sitting ........................................................................................................ 1 
1.2 Research objectives ................................................................................................... 4 
1.3 Organization of the thesis .......................................................................................... 5 
CHAPTER 2 Literature review ............................................................................................. 7 
2.1 Applications of interface pressure information ......................................................... 7 
2.1.1 Interface pressure as indicator of sitting behaviors .................................................. 7 
2.1.2 Interface pressure as evaluation measure of supporting surfaces ........................... 11 
2.2 Interface pressure measurement techniques ............................................................ 13 
2.2.1 Main category of pressure sensors.......................................................................... 13 
2.2.2 Major interface pressure measurement devices ...................................................... 15 
2.3 Interface pressure analytical methods...................................................................... 17 
CHAPTER 3 Interface pressure measurement devices ..................................................... 22 
3.1 Background ............................................................................................................. 22 
3.2 Evaluation of Piezoresistive sensors ....................................................................... 23 
3.2.1 Experimental setup ................................................................................................. 24 
3.2.2 Investigation methods ............................................................................................. 26 
3.2.3 Results and discussion ............................................................................................ 28 
3.3 Characterization of Pressure Mapping System (PMS) ............................................ 31 
3.3.1 Selection of PMS .................................................................................................... 33 
3.3.2 Experimental setup ................................................................................................. 35 
Table of Contents 
III 
 
3.3.3 Investigation methods ............................................................................................. 37 
3.3.4 Results and discussion ............................................................................................ 44 
3.4 Conclusion ............................................................................................................... 46 
CHAPTER 4 Methods of interface pressure analysis ........................................................ 49 
4.1 Image data preprocessing ........................................................................................ 52 
4.1.1 GMM based thresholding ....................................................................................... 53 
4.1.2 Neighborhood based method .................................................................................. 57 
4.2 Image data registration ............................................................................................ 59 
4.2.1 Introduction ............................................................................................................ 59 
4.2.2Hausdorff distance ................................................................................................... 62 
4.2.3 PSO ......................................................................................................................... 63 
4.2.4 Results and discussion ............................................................................................ 66 
4.3 Static pressure concentration ................................................................................... 72 
4.4 Dynamic pressure change ........................................................................................ 74 
4.5 Dynamic sitting sway .............................................................................................. 80 
CHAPTER 5 Subject interface pressure testing ................................................................ 83 
5.1 Objectives ................................................................................................................ 83 
5.2 Experimental method............................................................................................... 83 
5.2.1 Subjects .................................................................................................................. 83 
5.2.2 Experimental setup ................................................................................................. 84 
5.2.3 Experimental procedure .......................................................................................... 85 
5.3 Results and discussion ............................................................................................. 88 
CHAPTER 6 Conclusions and recommendation ............................................................. 101 
6.1 Conclusions ........................................................................................................... 101 
6.2 Recommendation for future work.......................................................................... 103 





Sitting is a common posture in daily lives.  It has been extensively studied with 
respect to supporting surface, sitting posture, subject groups and other related aspects.   
The interface pressure between the human buttock and the supporting surface is an 
important metric which has been generally adopted for the evaluation of sitting-
related issues. In order to provide a comprehensive view on the major issues of 
interface pressure, a complete process of the specific interface pressure data 
acquisition and methods of analysis as well as human testing experiments is presented. 
           In this project, three kinds of interface pressure measurement sensors, 
consisting of Tekscan Flexiforce sensor, Body Pressure Measurement System (BPMS) 
and CONFORMat were compared in terms of measurement accuracy, drift and other 
sensing characteristics. Based on the comparison, the CONFORMat was selected for 
further characterisation. For CONFORMat, the triggering force threshold of crosstalk 
interference and inactive sensors were investigated for avoidance of such phenomena. 
In addition, the drift properties and measurement accuracy were evaluated and found 
to be acceptable. Preliminary sitting tests also showed satisfactory results with regard 
to the sensor performance for human subject experiment. 
Interface pressure analytical methods were developed for pre-processing of the 
pressure patterns to capture certain features of the pressure data. Firstly, a 
neighbourhood based thresholding method has been developed and found to be 
effective in removing outliers and reconstructing the voids in the pressure pattern. 
Secondly for the image registration, a new Particle Swarm Optimization (PSO) based 
registration method adopts the Hausdorff distance as indicator of the match between 




rate in pressure pattern registration. The third method concerns pressure concentration 
which is harmful in sitting. The static pressure concentration can be identified by a 
threshold based method and dynamic pressure change can be recognized by a t-type 
test method. For a single-frame pressure pattern, the static pressure concentration is 
quantified by a pressure concentration rate whereby the concentrated area is also 
segmented. For multi-frame pressure sequence, the dynamic pressure change region 
can be identified by applying a t-type test to determine statistically significant changes. 
Lastly, a method for plotting the trajectory of centre-of-pressure (COP) and 
computing the COP movement range is introduced. COP is an important indicator for 
sitting stability and posture change. 
  For testing of the pressure measurement hardware and the aforementioned 
analytical methods, subject testing was conducted. 12 subjects were recruited for three 
kinds of sitting: static sitting, side sitting and cross-legged sitting on both hard surface 
(HS) and a commercial cushion called ROHO. The results show that the ROHO 
cushion is efficient at removing pressure peaks compared with the hard surface. The 
study on the dynamic pressure change indicates that side sitting is beneficial for 
prolonged sitting as it can greatly reduce the concentrated pressure in the lifted leg 
area. When the COP trajectory and movement range of side sitting and cross-leg 
sitting were compared, the latter appeared to have a more consistent sitting posture 
with similar COP trajectories. Furthermore, cross-leg sitting on hard surface generates 
much smaller COP movement range compared to ROHO, which is usually related to 
better sitting stability. 
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CHAPTER 1 Introduction 
1.1 Prolonged sitting  
Modern living increases the tendency to have a more sedentary lifestyle that involves 
sitting. In particular, as the use of computers and computing technologies in the 
workplace increases, there has been a significant increase in the proportion of seated 
occupations in recent decades [1]. Published estimates have indicated that almost 75% 
of work in industrial countries is performed while seated [2]. From a biomechanical 
perspective, sitting is an easy and more stable posture with low-energy 
consumption[3], lower centre of mass and larger base of support [4].  However, 
prolonged sitting during daily activities can develop stress in muscles of the back, 
buttocks, and legs. Various problems related to prolonged sitting have long been 
reported and studied. As summarized in Error! Not a valid bookmark self-reference., 
discomfort, muscle fatigue, inhibited blood flow and many chronic problems, such as 
neck pain, low back pain are commonly encountered by office workers who spend 
large portion of time sitting. For example, low back pain is a major health problem 
within industrialized populations. According to a survey published in 2000, almost 
half of the adult population of the U.K. (49%) report low back pain lasting for at least 
24 hours at some time during the year [5].  Active prevention of these syndromes is a 
priority. 
In addition, sitting is also among the most fundamental activities of daily living for 
the disabled or aged who is wheelchair or bed bounded. For these people who have 
limited mobility and impaired sensation, prolonged sitting will be highly risky and 
harmful for them. This degenerates further into problems of pressure ulcers, spasticity, 
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instability and even deterioration in some physical functions, as summarized in Table 
1.1. 
Table 1.1 Symptoms in prolonged sitting 
   Healthy People            Disabled/Aged People 
-  Discomfort; 
-  Muscle fatigue; 
-  Inhibited blood flow ; 
-  Chronic occupational disease: 
 -  Neck pain, low back pain… 
-  Pressure ulcers; 
-  Spasticity (Contraction of muscle groups); 
-  Instability; 
-  Deterioration in physical functions… 
 
Pressure ulcers (PU), also known as a decubitus ulcer, are a serious problem due to its 
prevalence and significant harm. The prevalence of pressure ulcers is 18.1% in 
European standard and academic hospitals[6], 23% for hospitals and 25% for nursing 
homes in the Netherlands[7]. Depending on the severity of the ulcers, complications 
could range from delayed healings to mortality[8]. In particular, treatment of pressure 
ulcers is not only painful but also time consuming and costly [7]. The factors causing 
pressure ulcers are complicated, and according to previous research, they mainly 
include the pressure under bony prominences, shear forces, temperature, moisture, 
nutrition, seating position and daily life routine [9-11]. Although clinical and research 
evidence in this area is inconclusive and conflicting, excessive pressure between 
human buttock and seating surface is generally recognized as the principal cause of 
the occurrence of pressure ulcer[8]. Higher interface pressure measurements are 
associated with a higher incidence of sitting-acquired pressure ulcers for high-risk 
elderly people who use wheelchairs[9]. 
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External sitting environment, including the ambient environment, supporting surface, 
and occupant’s internal anatomy structure and even emotions can affect the 
occupant’s perception of sitting. Posture, tissue deformity and pressure on the 
buttocks at the seating interface are the main factors used in clinical and rehabilitative 
management of individuals requiring wheelchairs and specialized seating[12]. As the 
pressure between the human buttock and the supporting surface, which is usually 
referred as interface pressure, can objectively and quantitatively characterize the 
supporting surface and its interaction with the subject, it has been consistently 
employed in the study of sitting-related issues. The quantitative and objective 
collection of interface pressure data have been identified and corroborated repeatedly 
as an appropriate metric for assessing the impact of seating related variables, such as 
posture, seat construction and structural support of the body. For example, interface 
pressure measurement is suggested as the primary task in the research of pressure 
ulcers [2, 13-16]. 
Considering the important role of interface pressure, numerous research techniques 
and devices have been developed in an attempt to quantify the interface pressure. 
However, the selection of interface pressure measurement devices based on study 
requirements is the first challenge. After accurate interface pressure distribution data 
is captured, the next task is efficient analysis of the pressure data to get pressure 
features. However, techniques for the quantitative analysis of interface pressure data 
have not kept pace with the development of the measurement sensors and instruments. 
Advanced analytical methods have been reported for specific applications in research 
studies, but none of these can completely fulfil the project requirements and thus need 
further improvements. 
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This chapter provides a brief overview of the common risks encountered in 
prolonged sitting and general application of interface pressure in prolonged sitting 
study. The motivation of the thesis is presented, followed by the detailed description 
of the research scope.   
1.2 Research objectives  
Measurement and analysis of interface pressure are major tasks in the study of sitting-
related issues. This project aims to find a suitable interface pressure measurement 
device as for data acquisition. Furthermore, as current study in interface pressure data 
analysis is still limited, the major objective of this thesis is also to develop a set of 
new interface pressure analytical methods by integrating advanced data mining 
techniques and pattern recognition tools. In addition, the effectiveness of the newly 
developed analytical methods will be verified by preliminary subject testing 
experimental data. The main objectives of this project are: 
 Selection and evaluation of interface pressure measurement devices 
This project will identify a suitable interface pressure measurement device based on 
comparison and testing of different devices. Systematic calibration and evaluation of 
the selected devices will be conducted to achieve desired accuracy for project. 
 Preprocessing of interface pressure data 
Major preprocessing tasks include removal of outliers and reconstruction of vacant 
sensing information to get constant pressure information.   
 Static interface pressure analytical methods 
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For single frame interface pressure distribution pattern, also referred to as static 
interface pressure data in this thesis, analytical methods are developed to find the 
pressure concentration area. The outcome results are important quantitative indicators 
of the risk of buttock tissue injury of the seated subjects. 
 Dynamic interface pressure analytical methods 
When a subject sits for a long time, longitudinal interface pressure data can be 
recorded in the form of successive frames of pressure patterns (named as “movie” in 
this thesis). Significant change in the area pressure during the entire sitting time will 
be identified by comparison with a baseline measurement. This information will be 
helpful for clinicians to identify the changes of the subject’s sitting conditions.   
 COP trajectory and movement range 
Additionally, the sway information of the occupant will be characterized by analyzing 
the trajectory of the occupant’s centre-of-pressure (COP). The range of COP 
movement is a quantitative indicator related to sitting stability. 
 Subject testing experiment  
Intended subject testing experiment will be conducted to evaluate the effectiveness of 
the interface pressure analytical methods. Other objectives of the subject testing 
experiment also include comparing the different supporting surface and characterize 
different sitting modes. 
1.3  Organization of the thesis 
The thesis is organized as follows: 
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 Chapter 2 reviews the major interface pressure applications, measurement 
techniques and analytical methods that have been reported recently. The 
progress and challenges in this area are summarized.  
 Chapter 3 presents the testing and comparison results of two interface pressure 
devices, flexiforce sensor and pressure mapping system (PMS). Detailed 
calibration and characterization of the PMS performance are given.   
 Chapter 4 compares the two categories of interface pressure analytical 
techniques: static interface pressure analytical methods and dynamic analytical 
methods. The major computational technique and output results are 
demonstrated.  
 Chapter 5 presents the experimental setup and results of study of the subject 
testing data. The results are computed using the methods introduced in 
Chapter 4. Further conclusions from the experiment are discussed.  
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CHAPTER 2  Literature review  
2.1 Applications of interface pressure information  
Interface pressure is defined as the pressure distribution between the human buttock 
and the supporting surface in sitting. It has been extensively adopted to evaluate the 
occupant’s sitting behaviors and properties of the supporting surface in both clinical 
and academic studies. 
2.1.1 Interface pressure as indicator of sitting behaviors 
Sitting is a body position in which the body weight is transferred to a supporting area, 
mainly by the ischial tuborosities (IT, sitting bones) of the pelvis and their 
surrounding soft tissues, as shown in Figure 2.1.  By investigating the interface 
pressure between the human buttock and supporting surface, researchers can get 
important information about subject’s sitting behaviors. 
 
Figure 2.1 Ischial tuberosities
[17]
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Posture is one of the most important factors in the study of sitting-related issues.  
Medical and ergonomic field studies indicate that bad sitting postures are sometimes 
accompanied by pains in tissues and other serious complications for more vulnerable 
subjects. Extensive studies have been done to evaluate different sitting postures using 
the interface pressure data. In a study evaluating different postures for both healthy 
and Spinal Cord Injury(SCI) subjects, it was found that the maximum pressures can 
be reduced by up to 12% by postural changes[18]. This conclusion confirmed the 
general knowledge that some postures have better pressure relieving capacities. 
Furthermore, according to Hobson, the posture in which the lowest maximum 
pressure was measured was the sitting-back posture with the lower legs on a rest[19]. 
Makhson’s research group proposed a partially removed ischial support posture, and 
found that the concentrated interface pressure observed around the ischia in normal 
posture was significantly repositioned to the thighs in the new posture[20]. 
Furthermore, sitting posture can significantly affect pelvic orientation and ischial 
pressure[21]. There are also numerous studies focused on the sitting postures of 
different subject groups, such as drivers[15], office workers, children[22] and some 
other subjects  which also taking interface pressure as an objective evaluation 
measurements.  
Body posture directly influences seating load and proper postural change is therefore 
essential. In prolonged sitting, the repositioning of the high-risk patient with limited 
mobility and sensation is a regular task for the nurse or caregiver. Essentially, the 
repositioning attempts to shift the pressure concentration from one area to another to 
avoid prolonged stress concentration. Aimed at investigating the reposition ability and 
the intervention methods efficiency, interface pressure is usually measured and 
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evaluated. Geffen et al described a mechanism for postural adjustments which 
includes the seat inclination, pelvis rotation and chair recline and concluded that a 
combination of independent pelvis rotation and seat inclination is effective to regulate 
the sacral interface pressure in healthy subjects[23]. In addition, as pelvis alignment 
directly affects body posture and buttock load, a passive motion technique, decoupled 
pelvis rotation was evaluated and significant relations were found between pelvis 
rotation and most quantities of interface pressure. Therefore decoupled pelvis rotation 
was suggested to be an effective technique to regulate buttock load in able-bodied 
individuals[24]. However, the effectiveness of these techniques on disabled subjects 
for clinical applications still needs further explorations.  It was also found that the 
maximum pressure depends on the angle of pelvis rotation, which confirmed the 
pressure relief effects of the repositioning[25].  Other than rotation of pelvis, postural 
change can also be evaluated by measuring the movement of ischial tuborosities. Peak 
pressure locations did not coincide exactly with the ischial tuberosities during 
wheelchair propulsion[26]. Furthermore, when subjects were required to shift 
postures, the frequency of shifting is important. Changing the sitting load at least 
every 8 minutes is recommended for wheelchair users by Reenalda, et al[17]. This 
can be used as a reference for preventing pressure ulcers.  
Sitting comfort is a major concern for drivers and other members of the work force 
who are exposed to extended periods of sitting and its associated side effects. 
Research on the effects of pressure distribution have shown that compression, shear 
pressures, or both, that develop at the human-seat interface are the main causes of 
seating discomfort[12].   More specifically, several pressure variables were identified 
as more effective to assess sitting comfort and improve seat quality [27-28]. However, 
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for wheelchair users, the cushions that they feel most comfortable were not 
necessarily those providing  the lowest interface pressures[29]. This result calls for 
deeper study of other interface pressure features rather than simple magnitude of 
interface pressure. Earlier study on indirect measurement of sitting discomfort by 
tracking the COP showed promising results as COP can well characterize the 
subject’s in-chair movement, which was related to sitting discomfort[30]. Basically, 
customers’ feeling of comfort is vital for the purchase[31]. Thus evaluation of 
subjective feeling by objective measurement of interface pressure shows potential in 
both the cost feasibility and reliability considerations; however, further systematic 
study is required as results about the comfort and interface pressure is still 
inconclusive and even conflicting.  
The relationship between interface pressure and the sitting subject’s anthropometrical 
and anatomical information has also been explored.  Al-Eisa found that the leg length 
discrepency  group had a much larger variance in pressure than the symmetrical 
group[32]. Spinal Cord Injury(SCI) subjects are usually more prone to pressure 
ulcers,and it can be well explained by the observation that the weight bearing on the 
IT for the SCI is distributed on half the surface in comparison with the abled group or 
the powered wheelchair users groups[14]. The findings of this study provide insights 
concerning pressure distribution in sitting for the paraplegic as compared to the able-
bodied. In addition, gender difference also affects the pressure distribution due to the 
different body profile and the skeletal shape. Thus gender-dependent treatment 
modalities should be implemented in seating based on the finding that males and 
females may be exposed to different loading patterns during prolonged sitting and 
may experience different pain generating pathways[33].  Currently, there is very little 
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information in the scientific literature regarding the identification of the features of 
the seated subjects.  This may be attributed to the fact that present interface pressure 
analysis techniques are limited in ability to accquire more useful information, which 
will be discussed more in section 2.3.  
2.1.2 Interface pressure as evaluation measure of supporting surfaces 
As discussed above, interface pressure can be used to evaluate the subject’s sitting 
posture and comfort, which are important aspects in the evaluation of the supporting 
surface; therefore it has been generally used as an objective method to assess cushion 
and seat design, yet existing evidence regarding its efficacy is mixed. 
Presently, commercial cushioning products for pressure ulcer prevention are being 
evaluated for their protective effect exclusively based on interface pressures. 
Laboratory developed cushioning products are more versatile and complicated.  
However there does not exist a “golden standerd” for testing[34]. It means there is not 
a generally accepted evaluation criteria for the cushion products in the form of 
interface pressure data.  Lower interface pressure, more even pressure distribution and 
larger contact area are most frequently cited in literature. This can be interpreted that 
larger contact surface can effectively reduce the load and that the compression  to the 
buttock tissue. When compared to Polyurethane foam cushion, the ROHO cushion, 
which is a multi-cell type air cushion, was shown to be more efficient in 
compensating the adverse effects of sitting posture on pressure distribution[21, 35]. 
However, due to different experimental conditions, it is impossible to make a simple 
conclusion about the optimal cushion. Among the popular wheelchair seat cushions, a 
dual-compartment air cushion was identified as the best for the largest contact 
surface[36]. In evaluting the  pressure relieving effect of the four seat cushions 
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designed for incontinent patients, a thick air cushion has the lowest maximum 
pressure when slouching or sliding down[19]. In addition, interface pressure also play 
an important role in design and optimization of new cushion products[37]. Brienza 
used interface pressure and stiffness to optimize the surface shape of a custom 
contoured form seat cushion in the hope of minimizing the tissure deformation. 
Results show improved effectiveness of the optimized cushion versus flat foam 
cushions[38]. Goetz did a study to examine two alternating air cell mattresses used for 
pressure ulcer prevention and treatment in a SCI population. Interface pressure 
characteristics of the two mattresses were very different, and neither mattress retained 
performance in the 45-degree position[39].  However, some researchers argued that 
cushion comfort is not related to interface pressure[29], as discussed in previous 
section.  
Design and evaluation of chair or vehicle seat also involves study of the interface 
pressure. Chair design differences had the greatest effect on seat pan interface 
pressure, compared to participant effects, and lastly postural treatments[40]. 
Furthermore, the vehicle vibration was investigated via monitoring the interface 
pressure change. Study results showed that the maximum variations in the ischium 
pressure and the effective contact area on a soft seat occur near the resonant frequency 
of the coupled human–seat system (2.5–3.0 Hz)[41]. Compared with flat supporting 
surfaces, the contact area was greatest on the exercise ball[42]. The results of this 
study suggested that sitting on a dynamic, unstable seat surface appears to spread out 
the contact area. 
Interface pressure has also been used in evaluation of rehabilitation products and 
clinical interventions. Application of a thoraco-lumbar-sacral orthosis in a child with 
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scoliosis significantly reduced the spinal curvature and interface sitting pressure[43]. 
A mechanical automated dynamic pressure relief system was compared with a 
standerd wheelchair for pressure relieving capacity. In the off-loading configuration, 
concentrated interface pressure during the normal sitting configuration was 
significantly diminished[44]. Additionally, sacral anterior root stimulator implants 
was tested to prevent ischial pressure ulcers in the SCI population. Results indicated 
that sacral nerve root stimulation induced sufficient gluteus maximus contraction to 
significantly change subjects' ischial pressures during sitting[45]. This finding is 
consitent with the experiment done by Liu, et al[46]. 
2.2  Interface pressure measurement techniques 
There is a need  in the automotive and rehabilitative industries to obtain objective 
measures for sitting condition monitoring and seat evaluation. Interface pressure 
measurement is usually taken as a rapid, easily quantifiable data which would indicate 
the areas at risk of tissure damage. In this section, several major interface pressure 
measurement techniques are reviewed. 
2.2.1 Main category of pressure sensors 
The main types of sensors to measure seat-buttock interface pressure used and 
reported are generally classified into these categories: resistive sensors, capacitive 
sensors,  electro-pneumatic sensors and constant pneumatic sensors[47].  
Sensors with force sensitive resistive or capacitive materials can be further 
categorized as electronic sensors. 
Resistive sensors 
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The working principle of resistive sensor is the variation of resistance of a 
piezoresistive layer when a force is applied [48]. The most common piezoresistive 
technology utilises two thin flexible polymer sheets with conductive material applied 
to either one sheet or both sheets to achieve a planar wiring configuration or a more 
flexible wiring configuration[48]. The resistive layer consists of strain gauges or 
force-sensing resistors that maps the applied force and translates it into a pressure 
reading. The pressure reading remains constant as long as the pressure applied does 
not change.  
Capacitive sensors 
Capacitive sensors, as named, make use of capacitors when measuring pressure. Most 
capacitors consist of two metal plates with opposite electrical charges. The amount of 
electrical charges stored by the capacitor depends on the size of metal plates, and the 
distance between the plates since 2
2
1






where  V = voltage across the capacitor 
ε = permittivity of the dielectric 
A = area of the plates of the capacitor 
d = distance between the plates 
The change in distance between the plates causes a change in capacitance and is used 
to determine the pressure applied. 
Most suppliers prefer piezoresistive sensors to capacitive sensors because 
piezoresistive sensors are fast, relatively simple and have a low sensitivity.  However, 
some experts in the field favour capacitive sensors due to the disadvantages of 
resistive sensors (non-linearity, temperature and humidity dependent and poor 
stability)[48].   
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Electronic sensors are most commonly used as they are readily available. 
Commercially available Force Sensing Array pad (FSA) by Vista Medical and Body 
Pressure Mapping System (BPMS) by Tekscan make use of resistive sensor 
technology while Pliance Sensors and Xsensor sensors make use of capacitive sensor 
technology. 
Electro-pneumatic sensors 
Electro-pneumatic sensors consist of a flexible and inflatable sac inside which 
electrical contact strips are placed diagonally. The sensor is positioned between the 
patients’ bottoms and the supporting materials at the site of interest. Air is slowly 
pumped into the sensor and when internal and external pressures are in equilibrium, 
the electrical contact between both strips breaks. Pressure recorded at that moment is 
considered to be the interface pressure[47]. 
 Constant pneumatic sensors 
Pneumatic sensors consist of air cells connected to a high pressure pump with 
pressure exceeding that applied to the sensor. The working principles of the sensors 
are as follows: the sensor is inflated by the air pump. The volume of air in the sensor 
increases suddenly as the inflation pressure rises above the pressure applied, resulting 
in a rapid drop in the rate of pressure increase. The pressure in the air pump at that 
moment is recorded as the interface pressure. 
2.2.2 Major interface pressure measurement devices 
Pressure mapping systems such as the Tekscan “Big-Mat”, Tekscan BPMS, Xsensor 
pressure-mapping mats and Force Sensing Array pad (FSA), by Vista Medical as 
shown in Figure 2.2,  are commonly used for interface pressure measurement because 
they are very thin (the thickest of which is 0.36mm) and flexible. These pressure mats 
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come in different sizes for users’ convenience. Different numbers of sensing points 
are also available to suit users’ requirements, ranging from 225 sensing points in 15 x 
15 matrixes by FSA to 2064 sensing points in 43 x 48 matrixes by Tekscan Big-Mat. 
The sensing elements in these pressure mats are mainly electronic i.e. capacitive or 
resistive, so that output can be obtained electrically.  
Furthermore, the high sampling rate of up to 1,000,000 sensors per second is 
achievable with their software. Real-time display of pressure distribution ensures 
immediate accurate readings and allows the capture of dynamic pressure since the 
patients may move while seated. The systems also enable the viewing and comparing 
of multiple tests simultaneously. Ferguson-Pell et al investigated the hysteresis and 
the creep of the FSA, Tekscan BPMS and Talley Pressure Monitor III (TPM)[49]. 
This study revealed that despite the advantages of the pressure mapping systems, they 
do have some drawbacks. FSA exhibited a prominent hysteresis of ±19% and creep of 
4%, whereas the Tekscan BPMS System also demonstrated substantial hysteresis of 
±20% and creep of 19%. 
  
Figure 2.2  Pressure mapping systems (a)Tekscan BPMS  (b)Xsensor Pressure-
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2.3 Interface pressure analytical methods 
Although pressure distribution at the sitting interface has been consistently recognized 
as an effective tool in objective evaluating of sitting conditions, results generally must 
be interpreted cautiously because there is no accepted method for the analysis of 
pressure distribution data[14]. Furthermore, an understanding of the interface pressure 
distribution which is safe or even beneficial to human health is important. This 
benchmark pressure pattern can be used for evaluation of cushion design. However it 
needs to be identified based on biomedical evaluations.   Another factor is that the 
users of the cushion vary in their weights, heights, and profiles, thus the design of the 
cushion need to be customized for them. If every individual’s interface pressure 
pattern can be taken as specific indication of the sitting condition, the inter-individual 
variability can be greatly eliminated. In conclusion, we hope to get an effective, 
representative, and unbiased quantitative result representing for the interface pressure 
distribution for deeper analysis, biomedical evaluation and modelling in this step. 
Researches in the past decades mostly focused on the analysis of interface pressure 
distribution for biomedical evaluation. And the methods can be roughly divided into 3 
categories: simple benchmarking, statistic analysis and pattern recognition tools. 
 Simple benchmarking 
Simple benchmarking compares selected parameters of the pressure distribution 
pattern with a given value or between different cushions or subjects. The commonly 
reported parameters include maximum pressure, average pressure, peak pressure; total 
contact area, high pressure area, pressure distribution quality and some other 
analytical parameters [50-53]. Reed and Lehto used quantitative metrics to analysis 
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the pressure distribution data with human subjects. The data illustrate some of the 
challenges faced by seat-based occupant classification systems and suggest that 
pressure-distribution-related parameters may be a useful complement to seat weight 
sensor data[54]. To Yoshio Tanimoto et al. calculated six parameters(as shown in 
Figure 2.3 ), maximum pressure, contact area, high pressure area (more than 80 g/cm
2
), 
tip rate, sitting balance and sitting position, and represented these parameters on a 
hexagonal radar plot to compare the performance of pressure relief effect of 3 
cushions for SCI patients. This method can be very useful for selecting and adjusting 
wheelchair cushions and adjusting the posture of SCI patients[55]. Studies and 
experiments utilizing simple benchmarking are published in different publications and 
are difficult for a comprehensive comparison. 
 
Figure 2.3  Hexagonal representation of the six parameters
[55] 
 
This method is advocated due to its relative simplicity and convenience. The result of 
this method is unambiguous, thus it is easy for clinical applications, such as 
evaluation of new cushion for designers, and selection of suitable cushions for patient 
with special needs. 
However, such simplicity does have its drawbacks which impact some applications. 
In evaluation of similar cushions, the average pressure and peak values only show 
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small changes[56]. Simple quantification of interface pressure assuming several 
parameters as indicators of discomfort is also unsatisfactory and no direct and 
conclusive relationship is supported by literature findings[15]. Especially, maximum 
pressure, popularly used as a vital parameter, has its limitation; however, it is not a 
stable value and is sensitive to random experimental errors[57]. 
 Statistical analysis 
To better characterize the pressure distribution from the measured data, some 
researchers proposed statistical tools to make further analysis.  Shelton et al. used a 
Pressure Index (Pindex), which was calculated from an analytical equation, 
 
to evaluate the performance of various 
clinical support surfaces. Together with the maximum heel and pelvis pressure data, 
the data taken was compared to that of the ideal pressure defined as a homogenously 
distributed pressure of magnitude 10 mmHg[53]. Eitzen used a frequency analysis 
approach to compare pressure-relieving properties of 3 different cushions and verified 
significant differences among cushions which cannot be detected by the above-
mentioned comparison of pressure parameters. They registered the number of times 
each value occurred, this value can be the average pressure or peak pressure, and then 
compared the different histograms (Figure 2.4) for different cushions. Their study 
emphasized the influence of long duration and is useful for the evaluation of cushion 
properties in long-time sitting[56].  








Another method used in processing of interface pressure data is Singular Value 
Decomposition (SVD). In linear algebra, the SVD is an important factorization of a 
rectangular real or complex matrix, with several applications in signal processing and 
statistics. In SVD, a matrix is decomposed into several component matrices, exposing 
many of the useful and interesting properties of the original matrix. And this method 
is adopted to reduce the dimensions of the data while retaining most of the 
information in analysis of interface pressure data. Brienza’s group used the SVD 
method to decompose the interface pressure data matrix and through mathematical 
reconstruction to generate custom contour for foam cushions with pressure 
measurements[58].  
 Pressure recognition tools 
Additionally, as present pressure measurement technologies can provide vivid 
pressure distribution pattern, more complicated analytical tools has been proposed and 
tested. Aissaoui described a deformable contour algorithm which can segment the 
pressure distribution image to estimate the IT region. Essentially, the key idea of the 
algorithm is to associate an energy function to each possible contour shape, and detect 
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the image contour corresponds to a minimum of this function. The areas for able-
bodied subject and SCI subject are shown in Figure 2.5.  This area is an important 
indicator for study on the sitting condition of able-bodied and SCI subjects[14].    

Figure 2.5. The IT region: (a) a typical AB subject;  
(b)a typical SCI subject sitting in a controlled posture
[14] 
 
Another method, principal component analysis (PCA), has also been reported for 
applications in this area. Actually, PCA is a technique used to reduce 
multidimensional data sets to lower dimensions for analysis. It is mostly used as a tool 
in exploratory data analysis and for making predictive models, and it involves the 
calculation of the eigenvalue decomposition or singular value decomposition of a data 
set. In literature, PCA has been utilized as data reduction tool for classification of 
static posture by an England research group for their project, “sensing chair”[59]. 
Although these methods are developed at different levels of complexity, they 
were applied for specific purpose and cannot be easily transposed to apply to other 
applications. For sitting diagnosis, efficient analytical methods are still required to 
provide clear and easily interpreted results.  
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CHAPTER 3 Interface pressure measurement 
devices  
3.1 Background  
Various interface pressure measurement techniques have been reviewed in the 
previous chapter. In this project, we adopted the pressure measured between the 
human buttock and various supporting surfaces. In the measurement, essential 
requirements for the measurement device are[60]: 
 The estimated maximum diameter of the sensing area should be ≤1.4cm. 
Small sensors are able to provide more accurate measurements.  
 The estimated maximum sensor thickness is 1mm. 
 The sensor should be thin with thickness-to-diameter ratio of no more than 
0.1. 
 The sensor should be flexible and conforms to the curvature of the 
interface to ensure that the sensing area and the skin are in full contact.  
 The sensor should only measures the normal forces and the measurement 
should not be affected by off-axis forces. 
 The maximum hysteresis over 1 hour of the sensor should be ± 266.644Pa 
(2mmHg) between measurements. 
 The sensor should not be affected by temperature. If inevitable, it has to be 
highly predictable. 
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 For measurement of pressure between the body and the supporting 
materials, a dynamic response measured in seconds is required to 
accurately symbolize the pressure changes with time.  
Based on the above criteria, three sensors are selected for further testing: Tekscan 
Flexiforce sensor, BPMS and CONFORMat. The sensors were calibrated and tested. 
Finally based on the comparison of the evaluation results, the CONFORMat. is 
selected as a more suitable interface pressure measurement device. 
3.2 Evaluation of Piezoresistive sensors 
The Flexiforce sensor was chosen based on an important comparative study by  
Vecchi which stated it gave superior performance[61]. This study compared the Force 
Sensing Resistor (FSR, Figure 3.1(a)) and Flexiforce sensor (Figure 3.1: (b)).  Both 
FSR and Flexiforce sensors make use of piezoresistive technology. Results showed 
that Flexiforce sensors have better repeatability, linearity and time drift when 
mounted on a rigid substrate. On the other hand, FSR sensors demonstrated better 
performance in terms of robustness. FSR sensors, however, showed problems in terms 
of instability, hysteresis and low repeatability. The differences are summarized in 
Table 3.1. 
  
Figure 3.1 (a) FSR sensors by interlink Electronics, Camarillo, CA, US;  
           (b) Flexiforce sensors by Tekscan Inc., Boston, MA, US. 
(a)                                                        (b) 
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Table 3.1 Comparison between Flexiforce sensors and FSR sensors[61] 
 Flexiforce Sensors FSR Sensors 
SD in percentile as regards to the full scales of 30N 
with the use of substrates 
1.6% 6.8% 
Maximum error due to  repeatability  4% 10% 
Maximum error due to drift at constant load of 5N, for 
10minutes (Compared to initial value) 
-8.2% 7.4% 
Maximum error due to drift at constant load of 10N, for 
10minutes (Compared to initial value) 
-9.5% 12.5% 
Maximum error due to drift at constant load of 15N, for 
10minutes (Compared to initial value) 
7.2% 14% 
 
Since the Flexiforce sensor showed better sensor performance and it has fulfilled most 
of the aforementioned sensor criteria such as the diameter of the sensing area being 
less than 1.4cm and the sensor being flexible, it was selected for our experiments.  
 3.2.1 Experimental setup 
For consistent evaluation and to reduce the random error, eight Flexiforce sensors 
were purchased and tested in this project[62]. Each sensor was numbered with a 
number tag.  Before the Flexiforce sensors were tested, it is recommended that two 
pieces of Perspex, 1 mm thick and 9mm in diameter to be attached to both sides of the 
sensing area of each sensor. This rigid material is used to ensure that the entire 
compressive force goes through this sensing area. Since the sensor measures 
compressive force, two pieces of Perspex were used to ensure both action and reaction 
forces acted through the same area and material. 
Evenly distributed pneumatic force is used for calibration and testing of sensor.  This 
method involves the use of a calibration rig made of aluminium plates. The two 
aluminium plates have diameter of 9cm with an internal cut of diameter 5.8cm and 
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depth 1cm. Two pieces of silicon rubbers are placed in between the aluminium plates. 
The rubbers are to prevent the sensors from direct contact to the hard aluminium 
surface and to ensure an enclosed region inside the calibration rig. The top aluminium 
plate has a through hole and a tube is connected from the air pump to the calibration 
rig. Air is supplied via an air pump and the pressure is read directly from the pressure 
gauge. The setup for calibration by pneumatic method is shown in Figure 3.2 
Schematic illustration of setup for calibration using pneumatic methodFigure 3.2 and 
Figure 3.3. 
         
Figure 3.2 Schematic illustration of setup for calibration using pneumatic method 
 








A Through Hole 
Silicon Rubber 
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  3.2.2 Investigation methods 
Calibration is needed before converting the raw digital output of the sensor to an 
actual pressure unit, such as mmHg. This step is important, as an error in this step 
would lead to inaccurate readings. A known load is placed on the sensor, and the 
electrical output signal is recorded by the computer. The detailed experimental 
procedure for calibration and evaluation of the Flexiforce sensor is as follow: 
1) Sensor and wires are secured on the weighing scale and the test bench 
with cellophane tape. 
2) The sensor is sandwiched by the silicon rubbers with the sensing area 
inside the calibration rig. The aluminium plates are screwed to ensure it to 
be air-tight.  
3) Air is increased slowly to the maximum required pressure of 75kPa 
(giving a safety factor of ≈ 1.6 to the maximum pressure that could be met.) 
Air is then released. 
4) Air is increased slowly. Voltage outputs at various pressure points are 
recorded. 
5) Output voltages are recorded once the pressure is stabilized. Stop when 
the maximum required pressure of 75kPa is reached. 
6) The pressure is decreased slowly and the output voltages at the same 
pressure points are recorded. 
7) Steps (4) – (6) are repeated three times and the average is obtained.  
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8) The air pump is set to a constant random pressure. The voltage output 
from 30min to 60min is recorded.  
9) The resistance of sensors for different pressures are measured and 
recorded. 
In our calibration test, the sensor was put on the hard surface; however, in this project 
we aimed at measuring the pressure between human buttock and flexible supporting 
surfaces which includes cushioned soft surface. It is important to verify that the 
FlexiForce sensor behaves similarly when used on both soft and hard surface. This 
verification would affect the validity of calibration results as calibrations were done 
on a rigid surface.  
A supplementary experiment was done to ensure that results obtained from a hard 
surface corresponded to almost identical results obtained on a soft surface[63]. A soft 
surface was placed below the sensor (Figure 3.4(a)) with a known load placed on top 
of it. The results obtained were compared to that obtained when the sensor is tested on 
a rigid surface with the identical load placed on it. Comparisons from the tests (Figure 
3.4(b)) showed favourable trends as the two data obtained were similar and hence it 
can be concluded that the FlexiForce sensor behaves similarly on both a soft and hard 
surface. The similar results were due to the fact that upon loading, the soft surface 
would deform until equilibrium of forces were achieved. In this equilibrium, the soft 
surface would behave like a rigid surface which explained the similarity in sensor 
results for both surfaces.  





















Soft Surface Rigid Surface
Linear (Soft Surface) Linear (Rigid Surface)
 
Figure 3.4 (a) Sensor test on a soft surface; (b) Result of soft surface vs. hard surface 
3.2.3 Results and discussion 
The calibration graph using pneumatic method for Flexiforce sensor 3 is shown in 
Figure 3.5. It is shown that the percentage error involved using best straight line 
method varies from -10% to +10%. Similar results were noted for all the other sensors 
except sensor 4. Extremely high errors were involved in sensor 4 with errors ≤ ±32% 
and sensor 6 with errors ≤ ±30%. The extreme low pressure at 7.8kPa exhibits huge 
deviation for most sensors and should be ignored.   
 
Figure 3.5 P-V Relationship for Flexiforce sensor 3 
When resistance and conductance of the sensor are plotted against force and pressure 
respectively, a straight line curve can be seen with deviation from best fit line for  
≤ ±50%.  A graph of conductance versus pressure for sensor 1 is shown in Figure 3.6. 
However, this huge deviation does not reflect non-linearity since the values are small 
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and any slight inaccuracy in measurement will appear to be significant. All other 































Figure 3.6 1/R-P Relationship for Sensor 1 
Comparing the three sets of results from calibration, it is shown that the sensor 3 has a 
standard deviation of less than 1% (Figure 3.7). The standard deviations of the rest of 
the sensors are less than 5%. 
Sensor 3

























Figure 3.7 Repeatability Test of sensor 3 
Tests were performed to determine the effect of hysteresis for each sensor. As shown 
in Figure 3.8, hysteresis error in sensor 3 is less than 9%, while the rest of the sensors 
have hysteresis errors kept below 15% except at the extremely low pressure of 7.8kPa. 























Figure 3.8 Hysteresis test for sensor 3 
Tests were also done to identify drift for several sensors chosen in random. It is 
observed that the output voltages of the sensors using direct loading method exhibits a 
severe problem of decreasing output over time. Sensors 2, 5, 6 and 8 were chosen at 
random for drift tests to be conducted. Results showed that the decrease of output 
voltage over time can be kept at a level below 10% after 30 minutes for the four 
sensors. Drift characteristics for sensor 8 is shown in Figure 3.9.   
Drift (P = 30.2 kPa)


















Sensor 8 Linear (Sensor 8)
 
Figure 3.9 Drift test for sensor 8 at P = 30.2kPa 
A short comparison is made for the sensor performance from the test results and the 
specifications provided by manufacturer. The test results take in only the general case 
(i.e. sensors with extreme values are ignored; points with extreme values are also 
ignored). From Table 3.2 Comparison between the test results and 
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             sensor specifications of Flexiforce sensors, it can be seen that the sensors had 
failed to perform as stated in the specifications. 
Table 3.2 Comparison between the test results and 
             sensor specifications of Flexiforce sensors 
 Test Results Specifications 
Linearity ≤ ±10% ≤ ±5% 
Repeatability ≤ 5% ≤ ±2.5% 
Hysteresis  ≤ 15% ≤ 4.5% 
Drift after 10min < 6% ≤ 5% per logarithmic time scale 
Drift after 30min  < 9% 
Drift after 60min < 15% 
 
Generally, drift of < 6% was experienced after ten minutes, < 9% and < 15% were 
observed after 30minutes and 60minutes respectively. This can be due to the inherent 
characteristic of the pezioresistive sensor. It suggests that measurements should be 
done within 30minutes to avoid extraordinary drifting error.  The linearity error needs 
to be compensated in the calibration to get accurate pressure reading. In addition, 
Flexiforce sensor is mainly used for force measurement; it cannot detect the seated 
area, which is an important issue in study of seated problems. In conclusion, 
Flexiforce sensor A201 is an acceptable sensor as an economic choice for 
measurement of pressure between human buttocks and supporting surface. However, 
due to its serious drift on prolonged performance and limitations in measuring 
pressure distribution, better interface pressure measurement instrument is needed. 
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3.3 Characterization of Pressure Mapping System (PMS) 
Commercial pressure mapping systems such as the Tekscan sensors were first 
introduced in 1987 and have been used to record the pressure distribution within an 
area of contact between two bodies. This technology has improved through the years 
and has found many applications in the biomechanics and rehabilitation industry. 
There is, however, no standard protocol provided by the manufacturer for the 
characterization of the sensor accuracy and repeatability with use.  
Pressure mapping systems come in different shapes and configurations, but have 
similar working principles. Figure 3.10 shows the schematic of the working principles 
of the pressure mat. Each pressure map is made up of rows and columns of 
conducting leads. At each junction of a row and column (a sensel point), lies a 
proprietary pizzeoresisitive ink pigment. When a pressure is applied to the junction, 
the shape of the ink changes. This changes the resistance of the ink in the junction. 
Scanning electronics apply a test voltage at each junction one by one sequentially, and 
then measure the resistance at each junction as a digital output. Through a calibration 
step that must be done prior to the test, the sensor relates this digital output to an 
applied force. The active area (given by the red region in Figure 3.10) is the area 
where the pizzeoresistive pigment lies. The entire sensel area (red and blue region) is 
used in calculating the pressure. The software counts the number of sensel regions 
that are above the threshold resistance and totals them up. Multiplying the number of 
sensels loaded with the each of the entire sensel area gives the total contact area.  The 
pressure at each spot is then given by the force divided by the area.  The software 
provides many functions such as measuring the area that is loaded, the pressure 
encountered, peak pressure in a given area, and various other graphical functions. 




Figure 3.10 (a) Schematic of electronics in pressure measurement mats;  
            (b) Schematic diagram of measurement area in pressure measurement mats 
[62]
 
3.3.1 Selection of PMS 
Two different pressure mats manufactured by Tekscan were tested and compared [64].  
They are the BPMS (model number 5315), and CONFORMat (model number 5350).  
Table 3.3 Comparison of technical specifications of BPMS and CONFORMat 
 5315BPMS 5330 CONFORMat 
Dimensions(mm) 622.3 X 529.8 539.2 X 618.4 









Pressure measurement range Up to 206.8KPa Up to34.47KPa 
 
In order to further compare the two models of PMS, the force measurement abilities 
on both one spot and different spots and area measurements on different spots were 
evaluated [65].  The spots were divided for the two mats in same manner.  For one 
spot, the same position, spot 17 was selected for the two mats; for different ones, 
testing was repeated for 16 spots for each mat and average value was then computed. 
While testing with repeated constant loadings, as shown in Table 3.4, it is observed 
that the repeatability of readings at each sensel is questionable. For the BPMS, the 
readings had a standard deviation of around 10% and 15% of the mean, whereas for 
(a)                                                             (b)                                                         
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the CONFORMat, the standard deviation was around 3% and 7%. In testing with 
repeated constant loadings at different spots on the mats, it is established that the 
sensitivity and accuracy of each sensel is different from other sensels. With a constant 
load, the standard variability between different sensels was approximately 20% on the 
old BPMS, and 10% on the new CONFORMat. The larger variations of sensel 
reading may be attributed partly to the fact that the set of BPMS tested was quite old 
and has been used for more than 5 years, and has thus been subjected to wear and tear. 
Table 3.4 Comparison of results for pressure measurement 
Tested 
mass(Kg) 
Results for 1 point Results  for different  points 
Old BPMS New 
CONFORMat 
Old BPMS New 
ONFORMat 
1.96 2.21±0.30 2.76±0.12 2.59±0.72 2.95±0.31 
2.92 5.26±0.81 4.11±0.10 5.06±1.19 4.48±0.43 
5.33 6.72±0.81 6.19±0.21 6.52±1.30 6.35±0.66 
 
Compared with the pressure measurement result, the CONFORMat exhibited 
excellent repeatability in area measurement, as summarised in Table 3.5.  When 
changing the loads and keeping the same loading area, the CONFORMat gave 
constant reading with a 22% error. The BPMS gave more fluctuating readings with 
error from 7% to 35%. This can be attributed to the big sensel discrepancy as a result 
of wear and tear.  
Table 3.5 Comparison of results for area measurement in different points 
Tested area Old BPMS New CONFORMat 
3.63 X 10
-3
m(under 2kg load) 3.12±0.77 4.19±0.24 
3.63(under 3kg load) 3.52±0.71 4.19±0.24 
3.63(under 5kg load) 3.60±0.75 4.19±0.24 
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The results of the experiments show that there exist some accuracy and repeatability 
errors associated with readings obtained with the pressure mapping devices tested. In 
both cases, the forces detected were over estimated, and the repeatability of results 
was poor. The area detected by CONFORMat is over estimated with high 
repeatability while that of the BPMS is fluctuating. 
From our testing, the Tekscan pressure mats are sufficient in determining the relative 
pressures faced by the different parts of the posterior if accurate calibration is done 
before testing. However, the PMS need to be rigidly calibrated before measurement as 
there are errors encountered in using the mat for determining absolute pressures at 
different spots.  It is noted that insufficient advice and warning are given by the 
manufacturers to users regarding this error. Between the two mats, the CONFORMat 
is preferable due to its better performance in terms of accuracy and repeatability.  
CONFORMat was selected for further calibration and testing in the followed sections. 
3.3.2 Experimental setup  
The CONFORMat system purchased from the supplier includes the sensor (Model 
5330) which contains 1024 sensors for true measurement, a Versatek system for data 
conveying, research software and equilibration system.  The sensor is connected to the 
computer via the Versatek system. The research Software provides enhanced data 
capture and analysis features, such as visualized pressure display in 2D or 3D style, 
equilibration, and ASCII saving capabilities to meet further research needs. 
 Equilibration 
Equilibration is done to remove the output variations between individual sensels.  
This is done by applying a uniform pressure level simultaneously over all sensels. 
Equilibration is done at a number of pressure levels across the entire pressure range of 
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the sensor. The software function applies correction factors such that the actual output 
of a sensel is forced to be the same as the output of another sensel under the same 
pressure.  Equilibration compensates for the sensitivity that decreases when the sensor 
is loaded repeatedly, extending the life of the mat.  
The Tekscan software recommends equilibration at 3 various pressures; low 
(30mmHg), medium (90mmHg) and high (150mmHg), with an interval of 100s. 
Every time when the software is started, the saved equilibration file should be loaded. 
The extract of step-by-step sensor equilibration can be found from the Tekscan 
CONFORMat User Manual[66].  
 Calibration 
Calibration is the process of converting the output of the sensor to the engineering 
units (Force, pressure, area). Mathematically, the value of    in the relation below is 
determined in the calibration step. 
 (where  is the raw digital reading,  is the conversion factor, and  is 
the actual reading) 
In the equilibration step, the system sums up the total of the , and equates it to , 
which is the load on the mat and inputted into the system by the user. Since the 
relative  in each sensel is already known from the equilibration step, the system is 
then able to deduce the value of K in each sensel. This value of K is used 
subsequently to convert the raw reading to the actual force applied at each sensel.  
Below are some key points to take note of during calibration, as mentioned in the 
manual as well as during the observations recorded when studying the system[66]: 
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 Ensure load is static before starting calibration. 
 Ensure that the pressure mat is flat, and there is no air space between the 
load and the pressure mat. 
 Keep the temperature constant, as the sensor reading can vary up to 0.25% 
for every degree of temperature difference. 
 Calibrate using loads similar to the weights of the subject patients to be 
used in the study. Static loadings can be placed on the mats and calibrated. 
3.3.3 Investigation methods 
 Crosstalk Interference Sensors 
In electronics, the crosstalk interference refers to any phenomenon by which a signal 
transmitted on one circuit or channel of a transmission system creates an undesired 
effect in another circuit or channel. Undesired capacitive, inductive or conductive 
coupling usually causes crosstalk from one circuit, part of a circuit, or channel, to 
another. In the CONFORMat, crosstalk interference here refers to a signal affecting 
another nearby signal. Usually the coupling is capacitive, and to the nearest neighbour. 
In this study, an experiment was conducted to check if each cell would behave 
normally under typical loading condition. A weight was placed on top of each sensing 
cell to check if the sensor is able to detect and if it erroneously activate some other 
cells. Figure 3.11 shows the conditions of the crosstalk interference for the cells. As 
can be seen from the figures, when the pressure exceeding certain threshold is only 
exerted at the red points, the sensels at the blue points, which are 4 cells away, are 
also activated.  The effect is consistent throughout the longitudinal sections of the 
CONFORMat and is not limited to those on the sides of the pressure mat. This 
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phenomenon is harmful to our measurement as the extra readings do not reflect the 
real loadings. 
  
Figure 3.11 Crosstalk interference for the cells in the  
vertical direction: (a) at the side;( b) in the center 
 
To further understand how much load would trigger the crosstalk interference, small 
weights were placed on top of 10 random individual sensors out of 1024 sensors. 
Weights were added until the crosstalk interference is observed. It was found that 
such interference occur when the force applied on an individual sensing cell exceeds 
3.9N/cm
2
 or 294 mmHg.  
Typical patient seating area is approximately 500-800cm
2
, which means that subject 
needs to exert a force of about 2000-3120N on the area to activate dual sensor. This 
translates to approximately a 200-300kg subject assuming that subject has restricted 
movement. However, as general human subjects are recruited for most sitting-related 
experiments, it is rare to have such over-weight subject. This cross-talk interference 
can also be controlled by applying exclusion criterion in recruiting subject. For our 
project, the weight of subject is limited to 100Kg.  
(a)                                                                    (b)                                                         
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 Inactive sensor 
When a sensor is subjected to loads, it will light up to reflect the correspondent values. 
During our study, we used a vacuum pump to apply a uniform pressure on the 
CONFORMat. One sensor (Position X2) was found to be inactive under light loading 
(0.09N/cm
2
 or 6.7mmHg). The sensor remains inactive until the loading exceeds 
0.09N/cm
2
 on the particular sensor X2. When the sensel was further tested for weights 
exceeding 0.09N/cm
2
, it responds correctly. Figure 3.12 shows the location of the 
inactive cell for loads below 0.09N/cm
2
. As shown in this figure, when we applied 
pressure to the entire area of the pressure (the blue part), there was a blank point at the 
bottom which shows the sensel there (position X2) is inactive.  
 
Figure 3.12 Location of inactive sensor 
The inactive reading can be due to the lower sensitivity of certain sensel or as the 
result of the damage of the sensel. For the former, equilibration for the entire pressure 
mat needs to be performed to remove the output variations between individual sensels. 
For sensel damage, the pressure mat needs to be replaced. 
 Drift 
One potential problem with pressure sensor mats is the errors associated with the 
quasi-static sensor drift. This drift is undesirable and may not reflect the actual value 
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when the data is collected for a long period of time. To investigate the drift in the 
sensors, a constant weight (p=7.3mmHg)  was placed on the CONFORMat for 
various durations: 60 seconds, 180 seconds, 300 seconds, 600 seconds and 1,800 
seconds. Figure 3.13 shows the static pressure distribution for the respective timings. 
It is observed that there is a minor drift when the loads are placed on the pressure mat, 
which means the pressure changes slightly (decreased) with time. Specifically, drift is 
not visible when loads are placed for the duration of 60s, 180s and 300s, as shown in 
the Figure 3.13 (a), (b) and (c) demonstrating a drift less than 1%. However, a slight 
drift is detected during the 600-second and 1,800-second durations.  
   
  
Figure 3.13 Pressure-Time distribution (a) 60s (b) 180s (c) 300s (d) 600s (e) 1,800s 
 
To investigate further, various weights (ranging from 10kg to 50kg, with increments 
of 10kg) were placed on the pressure mat for 600 seconds to analyze the significance 
of the drift. The average pressure of measured is recorded every 10 seconds and a 
                                  (d)                                                                (e) 
(a)                                               (b)                                                (c) 
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graph is plotted based on the recorded values for each load. The best-fit trend line for 
each graph is drawn and it was found that general trend is that drift exists in the 
sensors and it increases with time. For duration of 600 seconds, the drift is very 
minimal for all the tested loads with less than 1 % of increment during the period of 
time. This can be seen from the gradients of the graphs as seen in Figure 3.14. Thus 
our future experiment session is limited within 600 seconds to avoid significant drift, 
and the tested data can be compensated by the drift formula as shown in Figure 3.14.  
 
 
Figure 3.14 Graph of drift analysis for weights from 10kg to 50kg 
 
 Mass measurement accuracy 
In order to evaluate the measurement accuracy of CONFORMat and understand how 
the sensors would behave after loading, a static loading experiment was done by 
placing weights on top of the mat. The weights used range from 1kg to 10kg (with an 
increment of 1kg each). Following that, weights are placed at an increment of 10kg 
Time (seconds) 
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each until 50kg.  The area and pressure of contact surface is measured using the 
CONFORMat and the mass is calculated based on:  
Mass = (Pressure * Area)/g 







1 1 0 
2 2.03 1 
3 3.38 13 
4 4.57 14 
5 5.19 4 
6 7.42 24 
7 8.79 26 
8 10.24 28 
9 11.23 25 
10 12.75 28 
20 24.97 25 
30 40.03 33 
40 54.37 36 
50 66.81 34 
 
Based on the graph drawn (as seen in Figure 3.15), a correction factor of 0.7515 needs 
to be applied for calculated mass.  
Actual Mass = 0.7515 x Calculated Mass 
 
Figure 3.15 Graph of Actual Mass vs Calculated Mass 
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 Sitting and positioning 
As the pressure mapping system is used for human testing ultimately, it is important 
to understand the effects on the pressure measurement under different sitting positions. 
In this investigation, the seating profile for different seating conditions with both legs 
rested on a footrest was investigated. The subject is seated at various locations on the 
pressure mat in the same posture. Below are the pressure patterns on 6 locations on 
the mat. The shapes of the pressure profilers are similar. This shows the consistency 
of the mat to capture the sitting pressure. 
   
   
Figure 3.16 Pressure distribution for different seating positions (Pattern 1~ 6) 
 
Table 3.7 lists the mean area, pressure and calculated mass based on the 6 seating 
locations on the pressure mat.  
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Table 3.7 Comparison of results for seating condition with both leg rested 
 Area (cm
2 




Pattern 1 440.16±4.99 75.29±1.11 45.05±0.785 
Pattern 2 458.26±3.61 71.83±0.88 44.74±0.6 
Pattern 3 461.02±5.83 79.40±1.19 49.75±0.85 
Pattern 4 449.04±3.60 76.84±1.43 46.90±1.11 
Pattern 5 455.73±4.81 75.58±0.97 46.82±0.75 
Pattern 6 467.51±6.11 76.17±1.62 48.41±1.23 
Average 455.29±10.04 75.85±2.55 46.94±1.98 
 
It can be seen that for different patterns, the readings are concentrated around the 
mean with lower spread of data. Therefore it can be concluded that the pressure 
patterns for different positions is repeatable. This conclusion is important for the 
pressure pattern registration, as pressure registration involves aligning pressure 
pattern at different locations and orientations. Due to the consistency of the pressure 
measurement at different locations, it will be allowable for subjects to sit at different 
parts of the pressure mat in experiment. The specific pressure pattern registration 
method will be discussed in chapter 4.  
3.3.4 Results and discussion 
The results of the experiments show that the CONFORMat sensors can be used in 
further studies of pressure distribution. Before using the CONFORMat, sensor 
conditioning needs to be done first to activate the sensors. Sensor equilibration and 
calibration are then performed before human testing. Equilibration and calibration can 
be performed with static weights similar to but exceeding the weight of test subjects 
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for better accuracy. It is noted that in human testing, the body weight of the subject is 
used as the calibration force.  There is detailed introduction about the specific steps of 
equilibration and calibration in the Tekscan CONFORMat manual[66]. One important 
point to note is that whenever the Tekscan CONFORMat software is launched, both 
the equilibration and calibration file should be loaded, which were previously saved 
so that the system will be ready to capture the required data.  
One of the traits of the CONFORMat is the crosstalk interference. In order to activate 
crosstalk, a force 3.9N/cm
2
 (equivalent to 2000N on a 500cm
2 
pressure mat) is 
required to exert the required pressure to trigger the crosstalk interference. 
Realistically, it would not be easy to trigger the crosstalk interference. Hence, this 
error can be ignored in most human subject testing. 
For our mat, there was one insensitive sensor at the position X2 (Figure 3.12) of the 
CONFORMat. However, the minimal pressure (0.09N/cm
2
) to activate the sensor 
could be easily attained. Furthermore, the location of the insensitive sensor is near the 
side of the pressure mat, whereas the subject is positioned at the centre of the mat, and 
so this error can also be safely ignored. 
 Drift is an important factor that may affect the results of the readings. The drift of 
CONFORMat is less than 1% when load is placed within 600 seconds. However, the 
drift will increase when subject is placed on the pressure mat for time longer than 
1,800 seconds (30 minutes). 
In the comparison of actual mass and the calculated mass, the calibration formula is 
calculated based on the testing data. The calibrated relationship appears to be 
consistent based on the graph plotted out from the values obtained.  
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Last, in the preliminary study, repeated human sitting at various spots of the mats is 
done to test the CONFORMat performance for subject testing. It was found that the 
standard deviation for the area and the average pressure varies from 2.2% to 4.2%. 
This shows that the mat established quite a consistent result in the loading area and 
average pressure. 
3.4 Conclusion  
As the interface pressure between human subject and the supporting surface is a vital 
indicator for both academic and clinical studies in sitting and positioning, this chapter 
mainly examine two types of pressure measurement equipment. At the first stage, as 
for the economic considerations, low cost sensors were generally reviewed and 
examined.  Tekscan Flexiforce sensor, which is advocated for its low cost and 
flexibility, and FSR sensor were selected as initial options. Based on a preliminary 
comparison of basic performances, Flexiforce sensor was identified to have lower 
errors in accuracy, repeatability and drift.  Experiments were conducted to evaluate 
the sensor’s accuracy, repeatability, hysteresis and drift properties. Based on the 
evaluation result, the Flexiforce sensor has unacceptable linearity and drift errors. 
Furthermore, the sensor can only detect spot pressure, and is therefore unable to 
measure the pressure distribution at the entire buttock-seat surface. 
At the second stage, two kinds of portable interface pressure mapping system, 
Tekscan BPMS and CONFORMat were tested. The testing results of the load and the 
area measurements show that the readings detected by CONFORMat were over 
estimated, but the repeatability of results was acceptable, while the BPMS tends to 
give fluctuating readings with error as high as 80%. Thus the CONFORMat pressure 
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mapping system was selected for our project and a new model was purchased for 
further calibration and characterization. 
For the new system, equilibration and calibration method of the Tekscan 
CONFORMat system was performed. In the study of the crosstalk interference sensor, 
the triggering phenomenon was noticed and repeatedly tested to explore all the 
possible conditions and triggering threshold. However, due to the limitations of our 
research scope, is there still remained room for further studies of the triggering 
mechanism. For human testing, there would not be any significant error if the load  
did not exceed the trigging threshold of 200Kg, therefore, this interference can 
basically be ignored. For loading accuracy examination, the sensor readings are 
around 30% higher compared to the applied load. Thus a calibration formula is 
developed for compensation. A slight drift was not observed for duration less than 10 
minutes. However for duration between 10 minutes and up to 30 minutes, slight drift 
(<1%) was observed in the experiments. A simple human testing performed in this 
experiment showed promising results with consistent data of low standard deviations 
for the area and pressure of loading. It can be ascertained that other seating conditions 
may yield similar consistency. 
Based on the characterization study, the Tekscan CONFORMat has some limitations 
and inaccuracies as a pressure mapping system, especially when measuring the 
pressure and area of loads. However, being one of the most popular and advanced 
systems in the market, it has been used widely in various industries and has proven 
that it is possible to obtain proper results. Therefore proper calibration has to be 
conducted before the use of the pressure system. The range of static loading placed on 
the CONFORMat for calibration should include the weight of the human to be used in 
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the study. This will minimize margin of errors and ensure repeatability of data before 
they are used on human subjects. Further tests could be conducted on the various 
sitting postures and supporting surfaces to examine the system’s performance. More 
subject seating patterns should be observed and matched with the pressure 
distributions recorded on the pressure mat to further improve the measurement 
accuracy of the system in real applications. 
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CHAPTER 4 Methods of interface pressure analysis 
Recent technological improvements have led to advanced interface measurement 
technologies and increased clinical use of interface pressure mapping for seating 
pressure evaluation. For example, some pressure mapping system can provide vivid 
pressure distribution pattern at the resolution of 1 sensel/cm
2
 [66]. However, 
techniques for the quantitative analysis of pressure mapping data have not kept pace 
with product development and application requirements. Advanced analytical 
methods have been reported for specific applications in research studies, as have been 
introduced in chapter 2. But these methods are usually developed for specific 
applications and can be further improved.  If each sensing point in the pressure pattern 
represents a pixel, the interface pressure distribution pattern can be treated like a kind 
of biomedical image. This is the basic assumption in the proposed methods in this 
thesis. The approach is to employ pattern recognition methods for further analysis of 
interface pressure to get quantitative results primarily for evaluation in clinical and 
research applications. The intent is also to conduct some preliminary study about 
normal subject’s sitting habits and evaluation of two supporting surfaces (hard surface 
and cushioned surface) using the developed methods. By providing quantitative 
interface pressure analytical methods, we also hope to make some contributions 
towards computer-aided diagnosis. 
When handling the acquired pressure data, several factors may affect the quality and 
information content of the interface pressure distribution pattern. The image quality is 
vital, which is susceptible to many factors. 1) Device limitations. The device we used 
is Tekscan CONFORMat. As had been discussed in chapter 3, it has the problems of 
drift for prolonged measurement, possibility of cross talk interference and inactive 
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sensors. These will cause degeneration of the acquired image such as outliers and 
blank. 2) Variability of information. Biological systems exhibit great ranges of 
inherent variability. The interface pressure pattern is generated by the compression 
between the human buttock and the supporting surface. Specifically, the different 
intrinsic structure of the human buttocks and the natural variability presented by 
different human subjects will impact the pressure patterns. Study on this influence and 
further investigation on   the subjects’ physical characteristics is also an important 
research topic. 3) Physiological artifacts and interference. Physiological systems are 
dynamic and active. Breath, cardiac activity, blood circulation and some peristaltic are 
inevitable for normal subjects, and these factors may also affect the pressure 
measurement.  For disabled subjects or elderly subjects, this issue will be become 
more complicated. It is impossible to remove all the above factors in both 
measurement and analysis. Data pre-processing algorithms are required for 
compensation of the measurement errors and removal of artifacts. 
Although the entire pressure distribution pattern is important to provide the full 
information at the interface, more often, certain regions are more focused by 
researchers or clinicians, such as concentrated pressure area or IT region. These areas 
are generally recognised to have higher risk of tissue damage. In the CAD 
environment, one of the roles of image processing would be to detect the region of 
interest (ROI) for a given, specific, screening or diagnostic application. This is to 
reduce the information size and focus on the area which is most important. For 
different applications, the ROI is different. Once the ROIs have been detected, the 
subsequent tasks would relate to the characterization of the regions. In this project, 
both concentrated static and dynamic pressure areas are identified as our ROIs for 
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further analysis. It needs to be pointed out that, the methods introduced and developed 
in this thesis are meant to be complementary tools for diagnostic purposes. Specific 
judgement and prescription will still mostly depend on the doctor’s diagnosis.  From 
current algorithm development to computer aided diagnosis, more extensive work and 
further explorations will be needed. 
This chapter will introduce and discuss some algorithms and efforts we have made for 
advanced interface pressure analysis. In section 4.1, we develop a data pre-processing 
method for the pressure pattern. In section 4.2, a novel data image registration method 
is introduced. In section 4.3, method to identify static pressure concentration is 
developed. In section 4.4, we propose a method to track the dynamic pressure change. 
In section 4.5, the algorithm to track and quantify the subject sitting sway will be 
discussed.  To give an overview of this chapter, the major methods reported in this 
thesis and those by other researchers are listed and compared in Table 4.1. 
Table 4.1 The major methods developed for interface pressure analysis  
Sections Objectives Developed method Similar other method 
Section 
4.1 
Image preprocessing to 
eliminate the outliers and 







Image data registration 
between side sitting and 
central sitting pressure 
patterns 
Registration method 
based on PSO and 
Hausdorff distance 
Spatial Registration 
method based on a Line 





Thresholding method  N.A 
Section 
4.4 
Dynamic pressure change 











Dynamic sitting sway 
analysis 
Centre-of-pressure (COP) 
trace  and range capture 
N.A 
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4.1 Image data preprocessing 
Data preprocessing is an important step to prepare raw data for subsequent processing 
or analyzing procedure. The goal of preprocessing is to increase the efficiency and 
accuracy of the following analysis. Depending on different data formats and 
applications, many tools and methods can be used for pre-processing, such as 
sampling, transformation, denoising and normalization. These methods usually go 
through standard procedures. In Figure 4.1, it can be seen that noise and outliers 
appear outside of the sitting region, and there are also some blank points inside of the 
sitting region due to the inactive sensors. For our project, the objective is to remove 
the outliers in the image and retain the pressure measurement at the same time. In 
image processing, image segmentation refers to the process of partitioning a digital 
image into multiple segments. Here image segmentation refers to the removal of 
outliers and filling of vacancies.  
 
Figure 4.1 Original interface pressure pattern with outliers and vacancies 
 
 Two methods for image segmentation have been carried out and presented below, 
Gaussian Mixture Modeling (GMM) based thresholding and neighborhood based 
method.  
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4.1.1 GMM based thresholding 
Thresholding methods are based on the assumption that all pixels whose values lie 
within a certain range belong to the same class. However, the challenge of this 
method is the determination of suitable threshold. The method adopted is based on 
Wang’s work[67], which used Expectation-Maximization(EM) algorithms to 
determine the parameters of Gaussian Mixture modeling.  













jiZ                                                         (4.1)                      
where ),( jiZ represents the intensity value of the ith row and the jth column of a data 
frame. There are many threshold optimizing techniques. From the histogram of the 
pressure data showed in Figure 4.2, we can assume the distribution of the pressure 
data is a finite mixture of m Gaussian distributions, which is usually called Gaussian 
Mixture Modeling (GMM).  
 
Figure 4.2  Histogram of   Figure 4.1. (Red line indicates the visual 
 estimation of mixture Gaussian distributions) 
 
The pressure distribution pattern can be expressed as 





















                                                              ( 4.2)              
where ϕ is the standard Gaussian distribution and the parameters are 
),,,...,,,...,,,...( 111 mmm   such that 0,0  ii   and 11  
m
i i
 , i is the 
weight for certain Gaussian distribution. 
Now the following issue is to determine the parameters of density estimation in 
equation (4.2) for pressure distribution pattern. The EM algorithm is an efficient 
iterative procedure to compute the Maximum Likelihood estimate in the presence of 
missing or hidden data. The aim is to optimize the likelihood that the given data 
points are generated by a mixture of Gaussians. Here we wish to estimate the model 
parameters of equation (4.2) for which the observed data are most likely. The basic 
steps of EM algorithm for computing maximum likelihood estimates of 
),,(  are as follows. 
Algorithm 4.1.1 EM algorithm for the GMM parameter estimation 
1) Parameters initialization. Assign random initial values to Θ. The specific 
initial value of Θ will not significantly affect the final result. 
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3) Repeat step 2 until convergence.  
The histograms of data in pressure patterns often exhibit bimodality, as shown in 
Figure 4.2, or sometimes tri-modality. Here we derive the optimal threshold for 
bimodal model. The optimal threshold for tri-modal or multi-modal models can be 
similarly derived. Table 4.2 shows the results of parameters estimation using the EM 
algorithm for the pressure data displayed in Figure 4.1. Here we used two Gaussian 
components for the density estimation. 
 
Figure 4.3 GMM estimation of pressure data of Figure 4.1 (CPU time  
used for EM_GM:  2.97s; Number of iterations: 23) 
 
Table 4.2 GMM parameter estimation by EM algorithm 
 α µ σ 
Φ1 0.5702 27.8596 49.7546 
Φ2 0.4298 79.6645 1.4921e+003 
 
 The optimal threshold T is thus determined by  





























                                                       (4.4)  
where m=2 or 3 as usually two to three Gaussian distributions are sufficient for the 
pressure density estimation. Further explanations about computing of threshold based 
on GMM can be found [67].  
However, the computed result for our example is not acceptable. Based on the above 
example, the T value is computed by equation (4.4) with inputs from Table 4.2 
equates to 48.956. This means pressure value under 48.956mmHg will be taken as 
background noise and be removed. The original pressure pattern (Figure 4.1) after 
preprocessing is shown in Figure 4.4. It can be seen that only the high-pressure area is 
retained. This pressure information is not acceptable. Furthermore, this method cannot 
solve the problem of information lost in the sitting area as it only eliminates lower 
values. As shown in Figure4.4, the void in the central regions is not compensated. 
 
Figure 4.4 The processed pressure pattern using T= 48.956 
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4.1.2 Neighborhood based method 
In section 4.1.1, we have introduced a GMM-EM based algorithm for pre-processing 
of image data. However, due to its limitations in image segmentation and restoration, 
we developed a simpler method based on the neighbourhoods of each pixel.  
The basic assumption of our method is that the pressure distribution at the buttock-
seat interface should be continuous. This continuity should not be altered by the 
measurement device used. Thus the artifacts and outliers should be removed and the 
vacant point should be restored based on its neighbourhood.  More specifically, for 
each pixel, the surrounding eight neighbourhoods will be examined, and the number 
of non-zero pixels, N will be counted for the central pixel, denoted as P in Figure 4.5. 
There will be two conditions: 1) if P is a non-zero value and has less than 3 
neighbours, then P will be regarded as an outlier or artefact. It will be replaced with a 
zero; 2) if P is zero and has more than 4 neighbours, it will be taken as missing data. 
The averaged neighbourhood value will be put there.  
• •  
 P  
  • 
Figure 4.5 Schematic of neighborhood of pixel P 
 
This neighbourhood based method can be summarized as follow: 
Algorithm4.1.2 Neighbourhood based thresholding    
1) Change original pressure pattern A to binary image. 
2) Check the binary image to construct filter I using a sliding 9-neighbor box. 
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 if P=0 & N>4, P=1,the corresponding point in A will be replaced with the 
average of the neighbours;   
 if P=1& N<3, P=0. 
3)   Get new image A1=A.*I,  
Figure 4.6 shows one example of using the neighbourhood based threholding method 
for pre-processing of image data. Note that the outliers are removed and the lost data 
are restored. 
Figure 4.6 Example of pre-processing result of using the neighborhood based 
thresholding method: (a) original image; (b) processed image. 
 
Compared with GMM-EM based thresholding method, this newly developed method 
is more intuitive. It is efficient in removing outliers while keeping the original 
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measured values. Furthermore, the GMM-EM method is time consuming as it 
involves iterative computing and density estimation, while the new method is more 
efficient due to its simplicity. For a 48X42 pressure pattern, the GMM-EM based 
method takes 20.48s to process while the neighbourhood based method only takes 
0.13s for the same experiment. The most important distinction is that the GMM-EM 
method focuses on removing the artifacts, and it is not suitable for image restoration, 
thus making it unsuitable for our application. 
In the current method, a value of 5 is found to be suitable threshold for the number of 
neighbourhoods for filling in voids.  Based on the experiments, 5 is found to be a 
good trade-off between over-reduction and over-restoration, as shown in Figure 4.76. 
(a)                                    (b)                                     (c) 
 
                        (d)                                          (e) 
 
Figure 4.7 Study on neighbourhood based thresholding (a) original pressure pattern, 
(b) threshold=4, (c) threshold=5, (d) threshold=6, (e) threshold=7. 
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4.2 Image data registration 
4.2.1 Introduction 
In the analysis of the interface pressure, it is common to conduct pressure pattern 
comparisons between different sitting subjects, supporting surfaces or sitting postures. 
Generally, due to the dynamic characteristics arising from free sitting of the subjects, 
the pressure patterns compared are usually not “aligned” for comparison, that is, the 
pressure patterns obtained are at different positions and orientations as people tend to 
sit differently. Image registration is the process of transforming the different sets of 
data to a reference coordinate system by aligning the different pressure patterns. 
The problem is to transform the target image to align with the original image. This 
requires systematic study of this issue.  While rotating and shifting the original pattern 
A to get the target pattern B, the rotation angle and the translation need to be 
computed by the developed registration method, as illustrated in Figure 4.8. Hence, 
the comparison between the given and computed rotation angle and translation can be 
used to evaluate the efficiency of the registration method.   
(a)                                                                         (b) 
 
Figure 4.8 Image registration: (a) source image A, (b) target image B. 
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There are many mature image registration methods and these can be divided into two 
categories: 1) those based on geometric image features, and 2) those based on voxel 
similarity measures. For the first category, the geometric features can be points, edges 
or surfaces depending on different applications.  The geometric features are also 
regarded as “landmarks” of the pattern.  While the voxel similarity measures include 
intensity difference and correlation methods based on joint entropy or mutual 
information. Wang proposed a novel Spatial Registration method based on a Line and 
a Point(SRLP) for interface pressure data [67]. The basic idea is to find the midline of 
the pressure pattern and use it as the landmark for automatic registration. As shown in 
Figure 4.9, the key is to identify the midpoints for the pattern, and then the midline is 
the regression line estimated by fitting a simple regression to the midpoints. SRLP 





Figure 4.9  Spatial registration method based on  
a line and a point for interface pressure data 
 
It is noted that this registration method is only applicable to symmetrical patterns as it 
tries to find a symmetrical line as landmark. However, in real pressure measurement, 
subject may change posture from central symmetrical sitting to asymmetrical sitting, 
such as one leg crossed sitting. Another possible situation is when evaluating sitting 









Where A=the number of non-zero 
values from the upper half image, 
B=the number of non-zero values from 
the lower half of image, and rowcount 
is 48 for this project. 
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as shown in Figure 4.10. It is impractical to find the midpoints and midline for this 
kind of pressure patterns. Thus image registration for asymmetrical images remains a 
challenge.  
 
Figure 4.10 Example of asymmetrical pressure pattern 
In this section, a novel image registration method integrating Hausdorff distance and 
particle swarm optimization (PSO) algorithm will be introduced. The registration 
results for different preprocessed target images are summarized to evaluate the 
efficiency of the method. 
4.2.2 Hausdorff distance 
In image registration, it is important to determine the fitness function to evaluate the 
matching between source image and target image. The distance of two images is an 
intuitive and reasonable measure.  
Named after Hausdorff (1868-1942), Hausdorff distance is the maximum distance of a 
set to the nearest point in the other set. More formally, given two sets of limited points 
A and B, while  paaaA ,...,, 21  and  qbbbB ,..., 21 , the Hausdorff distance 
between A and B is defined as 
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In equation (4.5), . represents the Euclidean norm between points set A and B. 
Function ),( BAh and ),( ABh sometimes termed as forward and backward Hausdorff 
distances of A to B. Hausdorff distance ),( BAH measures the degree of mismatch 
between two sets, as it reflects the distance of the point of A that is farthest from any 
point of B and vice versa. If ,),( dBAh  it means then every point of A must be 
within a distance d of some point of B. 
It is noted that Hausdorff distance is only applicable to points set. More specifically, it 
is the boundary or edge of the pattern.  Therefore the pre-processing is required to 
detect the edge of the pressure pattern before computing the Hausdorff distance. The 
Canny edge detection operator, developed by Canny in 1986, uses a multi-stage 
algorithm to detect a wide range of edges in images. Thus the Canny operator is 
adopted for edge detection, which is also a ready-for-use function in Matlab.  
 4.2.3 PSO 
When using the Hausdorff distance to measure the matching of image registration, 
smaller distance means a better match. Thus the objective is to find the smallest 
Hausdorff distance between source image A and target image B while applying 
rotation and translation to B. Therefore, the format of solution for image registration 
will be a vector p= [angle，dx，dy，Hausdorff], which means if B is rotated at 
angle and shift for dx and dy, the smallest distance between A and B will be 
Hausdorff distance.  Here three variables are needed to be identified at the same time.  
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The trial and error method for this multiple variables problem usually leads to large 
computation load and poor result. Artificial Intelligence (AI) methods, such as 
Genetic Algorithm (GA) and Particle Swarm Optimization (PSO) will be more 
suitable for solving this kind of problem. 
PSO is a population based stochastic optimization technique developed by Eberhart 
and Kennedy in 1995, inspired by social behaviour of bird flocking or fish schooling 
[68]. PSO shares many similarities with evolutionary computation techniques such as 
GA. The system is initialized with a population of random solutions and searches for 
optima by updating generations. However, unlike GA, PSO has no evolution 
operators such as crossover and mutation. In PSO, the potential solutions, called 
particles, fly through the problem space by following the current optimum 
particles.  Compared with GA, the advantages of PSO lie in easy implementation and 
less parameters to be adjusted. In recent years, PSO has been successfully applied in 
many research and application areas such as function optimization, neutral networks 
training and control of fuzzy system. It has been demonstrated that PSO gets better 
results in a faster, cheaper way compared with other methods [69]. 
For current pressure pattern registration, the key issue is to search for the best solution, 
which can produce the smallest Hausdorff distance, from all potential solutions. PSO 
is chose to optimize the searching process. The process can be described as the 
following mathematical problem:  
Let  npppR ,..., 21  be the space spanned by potential solutions, )( ipH representing 
the hausdauff distance while applying ip to target image B, derive the best solution 
p such that )(min)(, ii pHpHRp 
 . 
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In PSO, a number of random solutions, the particles are placed in the search space R, 
and the fitness function (Hausdorff distance) is evaluated at their current positions. 
Each particle then determines its movement through tracking of two “best” values by 
several iterative generations.  One is the “best” value obtained by any particle in the 
neighbours of the particle in current generation, called PBest; another “best” value is 
the one achieved so far by all the particles, it is a global best and is called Gbest. After 
determining these two values, each particle will update its position and velocity based 
on the following formulas: 
21 ()))((()))(()()( crandiPGBestcrandiPPBestwiViV    (4.6) 
)()()( iViPiP                                                                                                               (4.7) 
Here )(iV is the velocity of the particle, and )(iP is the current position of the particle, 
which can be considered as a set of coordinates describing a point in space. In 
equation (4.6), w was termed “inertia weight”, and is a non-zero value.  Researchers 
have found relatively higher value (e.g., 0.9) of w usually leads to global optima 
where as lower value (e.g., 0.4) is better at homing into local optima [69]. The 
parameters
1c and 2c in equation (4.6) determine the magnitude of the random forces in 
the direction of neighbourhood best PBest and global best GBest . Based on historical 
experience, 
1c and 2c are usually settled between 1 to 4.These are often called 
acceleration coefficients. The new position of the particle is updated based on 
equation (4.7). 
The next iteration takes place after all particles have been moved. Eventually, the 
swarm as a whole, like a flock of birds collectively foraging for food, is likely to 
move closer to an optimum destination of the fitness function. The process of 
implementing PSO in this project is as follow: 
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 Algorithm 4.2.1 PSO algorithm for pressure pattern registration 
1) Obtain the edges of source image A and target image B( A_points，B_points ) 
using Canny operator; 
2) Use p=[angle，dx，dy，Hausdorff] to represent one particle, initialize a 
random population of particles P with random positions and velocities V in the 
search space; 
3) Loop: 
4) For each particle, evaluate the fitness function, namely the Hausdorff distance.  
5) Identify the best fitness value for all the particles in current generation and 
take it as PBest ; 
6) Identify the best success all the particles have achieved so far, and assign it as 
GBest ; 
7) Update each particle’s position and velocity according to formula 5.3 and 5.4. 
8) If a criterion is met (a sufficiently good fitness or a maximum number of 
iterations), exit loop. 
9) End loop. 
4.2.4 Results and discussion  
The performance of PSO based registration method is evaluated by both visual pattern 
and a quantity, success rate sk . The success rate sk  is defined as the percentage of 
times when correctly calculated the rotating angles in 100 times of trails. In the 
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implementation of Hausdorff distance and PSO algorithm, there were several issues 
that need further exploration. 
1) Improved Hausdorff distance 
When using the original Hausdorff distance as fitness function, it was found that the 
distance is very sensitive to degradation such as noise and occlusions. For example, 
when data set B is very similar to data set A but with only one extraordinary point, it 
will cause a large ),( BAh , thus lead to large ),( BAH . LTS Hausdorff distance is 
taking the average of certain smaller Haudorff distances instead of finding the largest 













                                      (4.8) 
where H  denotes the H th ranked value of )(),( iBad  and )(),( iBad represents the ith 
distance value in the sorted sequence )()2()1( ),(...),(),( HBadBadBad  . By 
using LTS Hausdorff distance, large distance values are eliminated.  
Figure 4.11 shows an example when matching a central sitting pattern with a side 
sitting pattern using original Hausdorff distance and LTS Hausdorff distance 
respectively.  It is obvious that for the latter, the match is significantly improved. We 
further computed the success rate sk  for each method.  For original Haudorff distance, 
the success rate is only around 2% for central sitting pattern match side sitting pattern 
while it increase to 88% for improved LTS Hausdorff distance method. 
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(a) Central sitting pattern                  (b) Side sitting pattern 
   
(c) Original Hausdorff distance          (d) LTS Hausdorff distance 
Figure 4.11 Matching results comparison 
Furthermore, it is important to determine the value of H to produce better 
performance in equation (4.8). In our applications, the edge of the pressure pattern 
comprises of multiple points, it is impossible and also time-intensive to try different 
value of H . We used another value edgemm NKHthatsuchK , , while edgeN  
represents the number of points in the edge of source pattern A for equation (4.8).  
mK  
represents the portion of smaller Hausdorff distance being averaged. When 
,1mK it means the LTS Hausdorff distance is calculated by averaging the Hausdorff 
distances of all the edge points. When 5.0mK , the LTS Hausdorff distance is the 
average of the Hausdorff distances from the smallest one to the median. 
We investigated three values for mK as summarized in Table 4.3. It shows that a value 
of 0.6 for mK  equates to a higher success rate. There is an increasing tendency of 
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success rate sK  as reducing mK ; however, it does not mean that a smaller mK gives 
higher success rate sK . It is because if only small portion of the edges of A and B are 
matched together, it will also be recognized as a successful match by algorithm. This 
is not true as the successful image registration requires most part of the edges are 
matched. 
Table 4.3 Success rate for different Km 
mK  
0.6 0.65 0.7 
Success rate sK  
88% 80% 72% 
 
2) Local convergence in PSO 
Another problem of pressure pattern registration is in the iteration of PSO algorithm, 
it may converge to a local best solution.  It can also be well explained by the particle 
swarm. There is certain possibility that all the particles moving towards the wrong 
direction and converge at a local best.   
In order to reduce the possibility of local convergence, a variation possibility constant 
Pm is used to give some chance that the particles moving towards other directions [69]. 
Pm is a constant which usually set between 0~1. Larger Pm will induce more particles 
varying against main direction, which is usually the global best direction and thus 
reduce the chance of local convergence. However, it is at the cost of longer computing 
time and unnecessary repeating iterations.  Based on general experience, we set 
Pm=0.6, and it gives good converging result as shown in Figure 4.12. As shown in this 
figure, the Hausdorff distance converged to around 0.18 after 15 iterations. In addition, 
it takes 20.8 second to finish 40 iterations for this example.   




Figure 4.12 Convergence of PSO based image registration 
For the objective of systematic evaluation of image registration method, we divided 
the pressure patterns into two categories, central sitting pattern and side sitting pattern. 
Thus there will be three kinds of match between: 1) two central patterns, 2) one 
central pattern and one side pattern, 3) two side patterns. The target image B is pre-
generated by rotating source image A at different angle and distance. Figure 4.13 
shows the examples of the three kinds of match. In addition, we rotated the original 
image A by different angles (from 10°to 45°) to get target image B. After that, the 
rotation angle is calculated by our PSO based registration method. The success rate 
sk is computed for each condition, as summarised in Table 4.4 
(a)                                      (b)                                  (c) 
 
Figure 4.13 Three kinds pressure pattern registration 
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Table 4.4 Success rate for pressure pattern registration 
  10° 15° 20° 25° 30° 35° 40° 45° 
Type a) 92% 92% 95% 93% 100% 100% 100% 97% 
Type b) 100% 99% 70% 100% 100% 96% 72% 60% 
Type c) 61% 71% 99% 100% 98% 66% 100% 98% 
*a) two central patterns, b) one central pattern and one side pattern, c) two side 
patterns 
 Robustness of PSO based registration method 
In Table 4.4, it is noticed that for some conditions, the success rate is as low as 60%, 
such as rotation of 45° for type b) match and rotation of 10° for type c) match. In 
order to make the method more robust and improve the success rate, we made some 
modifications to the algorithm. 
This algorithm mainly uses the idea of “divide and conquers” to identify the solution 
within the solution space. This can be divided into 2 steps:   
Step 1: Set the range [-50°, 50°] as the solution space as most rotation angles will be 
located within this range. The range is further divided into ten subsets at increment of 
10°.  The PSO is applied in every subset to compute 10 local best solutions for the 10 
subset.  
Step 2: identify the solution (degree α) which gives the smallest Haudorff distance 
and target the neighbourhood of this degree [α-5°, α+5°]as the “optimal solution 
zone”.  Apply PSO in this zone to find the best solution which is recognized as the 
“global best”, namely the final solution.  
By applying PSO in the 10 subsets of the solution zone, the range of possible solution 
is reduced to 1/10. Figure 4.14 (a) shows the local smallest Hausdorff distances for 
the 10 subsets, and it can be seen that zone 2 generates the global smallest Hausdorff 
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distance. It can thus be deduced that the final solution is located in this zone. This step 
greatly reduced the possibility of convergence to local best by allocating 10 zones in 
the entire solution space. Furthermore, as the improved algorithm tries to find the 
global best solution in a narrowed space, the success rate is also greatly improved, as 
summarized in Table 4.5. 
 
Figure 4.14 Modified registration method: (a) the local smallest  
Hausdorff distance in the 10 subsets (b) an example of improved match 
 
Table 4.5 Success rate for modified PSO based registration method 
 10° 15° 20° 25° 30° 35° 40° 45° 
Type a) 100% 99% 100% 100% 100% 100% 100% 100% 
Type b) 100% 100% 100% 100% 100% 100% 100% 100% 
Type c) 98% 100% 100% 100% 99% 98% 97% 99% 
 
4.3 Static pressure concentration 
In clinical applications, it is vital to identify the area under concentrated pressure. 
Here the pressure patterns with no time considerations are called static pressure 
pattern. Although   the golden standard about safe interface pressure is still debated, 
high pressure may lead to damage of tissue cells and should be eliminated.  In 
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addition, it is common that doctors need to diagnose based on observation of single or 
several discrete pressure patterns. We used a simple thresholding based method to 
identify the area under extraordinary high pressure and further calculate the portion of 
the area as a quantitative indicator, namely the pressure concentration rate cf .  
 
Algorithm 4.3.1 Static pressure concentration identification 
1) Pre-processing of pressure patterns as introduced in section 4.1; 
2) Thresholding to eliminate the pixels where intensity smaller than the given 
threshold criT  ; 
3) Processing the area using the neighbourhood based method to remove outliers 
and get more complete area; 






f  , where criA represents the area where pressure 
exceeding critical value criT and conA represents the entire contacting area in 
sitting. 
Figure 4.15 shows the identified high pressure area for the original pressure pattern. It 
can be seen that the concentrated area became more complete after further pre-
processing. The pressure concentration rate cf is calculated to be 22% for this 
example.  




Figure 4.15 Static pressure concentration 
4.4 Dynamic pressure change 
Quantitative assessment of change over time or under different conditions for the full 
pressure map is needed for enhanced clinical evaluation interface pressure distribution. 
Subjects’ sitting for more than one occasion or over a period of time is denoted as 
dynamic sitting here. Current pressure mapping systems, as introduced in chapter 2 
and chapter 3, are able to track the interface pressure distribution at speed as high as 
750hz [66]. Thus when the occupant’s sitting conditions are continuously monitored, 
we can get huge amounts of pressure data in both spatial and temporal dimensions. 
Typical spatial-temporal data can be denoted by ),,,( itsy where y is the intensity value 
at the spatial location Ss , time Tt and for the subject indexed by Ni . In this 
project,  SS ...,2,1 is a 2-dimentional space indexed by S pixels;  TT ,...,2,1 is a 
set of T time points; and  NN ...,2,1 is the set of n subjects. It is common that huge 
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amount of data is acquired from several subjects. It means the data size n is much 
smaller than the data dimensions TSp  . Hence the data are of large-p-small-n. 
Similar to static pressure analysis, the objective remains to detect the concentrated 
pressure change over time. A term, pressure “movie”, is defined as successive frames 
of pressure patterns for dynamic pressure analysis. More specifically, with pressure 
movie A and B, we would like to detect the pressure deference between them. Wang 
proposed a Longitudinal Analysis with self-Registration (LASR) procedure for 
spatial-temporal data mining[67]. We made some improvements and modifications to 






Figure 4.16 Dynamic pressure change analysis flow chart 
 
Dynamic pressure change analytical method  
Step 1: Pre-process all pressure patterns by the neighbourhood based thresholding. 
The lost information is partially restored and the outliers are removed for data 
enhancement.  
Step 2: Spatially register all pressure patterns using the developed data image 
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source image and target image to indicate the degree of match. The PSO is adopted to 
optimize the process of finding the best solution.  Different from manual landmark 
based registration method, our method can furnish the registration automatically for 
both symmetrical and asymmetrical pressure patterns.   
Step 3:  Create different movie by taking difference pixel-by-pixel as well as frame-
by-frame between pressure movie A and B in order to make a comparison between 
the two. 
Step 4: Smooth the difference movie.  The filtering process is adopted to eliminate 
random corruption.  
Step 5: Create T movie and P movie. The objective is to use statistical tools to 
identify the area which the pressure has been significantly changed. The T movie was 
generated in the following manner: at each pixel xxx SDTx , , where xD is the pixel 
value of a smoothed difference movie from Step 5 and xS is an appropriately 
estimated standard deviation of xD . Similar with t-test, pixel-by-pixel p values can 
also be determined for all pixels. This generate P movie.  It will be further processed 
in the next step to determine the pixels where pressure intensity is significantly 
changed. 
Step 6: Compute False Discovery Rate (FDR)-controlled P movies. Based on the P 
movie, it is necessary to adjust the p-values to distinguish the areas where pressure 
has significantly changed. This is a multiple testing problem. We used the Benjamini 
and Hochberg False discovery rate control (BH-FDR) method which is as follows: 
Benjamini and Hochberg False discovery rate control 
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)( , α is the confidence level value, with 
default setting of 0.05, while m is the number of comparisons, which, in this case, is 
equal to the number of sensel points, 2016.  
Then reject all .,...,2,1,)( kiH i   






F   will be 
computed to show the propotion of area where pressure has significantly changed. As 
there are many frames in a BH-FDR movie, the quantity cF is computed for each 
frame and averaged. 
In the above steps, different smoothing methods have been tested on step 4 about 
smoothing the difference movie. Four smoothing methods were tested as shown in 
Figure 4.17. These are common smoothing techniques in image processing, and 
detailed introduction can be found in the reference [67]. It can be seen that the median 
smoothing method performs better as the pattern generated have clearer profiles. Thus 
the median smoothing method is chosen in step 4. 
        
(a) Original difference movie                  (b) Savitzky-Golay Smoothing   




 (c) Median smoothing                                (d)  Kernel smoothing               
 
 (e) Wiener2 lowpass-filters 
Figure 4.17 Smoothing of difference movie. 
A typical example which goes through all the above steps is displayed in Figure 4.18. 
The final FDR movie displayed the area with significantly reduced pressure at 95% 
confidence level of pressure movie B compared with pressure movie A. As this area 
corresponds to the IT region at the human buttock, this indicates an improved sitting 
condition. If we change the sequence of taking difference movie at step 3, the final 
result will show the region where pressure has significantly increased. 
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Original pressure movie A                      Original pressure movie B 
   
Filtered pressure movie A                      Filtered pressure movie B 
 
Registration of movie A and B                   Difference movie 
  
T movie                                                      FDR movie 
Figure 4.18 An example of the complete process and  
result of the dynamic pressure change analytical method 
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4.5 Dynamic sitting sway 
For a normal subject, he will shift his weight from side to side in prolonged sitting to 
relieve concentrated pressure. This postural change will directly affect the pressure 
distribution at the seat-buttock interface. Furthermore, for disabled people who cannot 
change their posture themselves, prolonged sitting will cause more complicated 
problems for them. Thus they need caregivers’ assistance for reposition to relieve 
concentrated pressure. Quantify the sway of occupant is important for evaluation of 
the sitting stability. Other than comparing the pixel-by-pixel pressure intensity change, 
monitoring the occupant’s centre of gravity change can provide us a better overview 
about the weight shifting. The projection point of the centre-of-gravity in the interface 
pressure pattern is the centre-of-pressure (COP). Here we propose a sitting sway 
evaluation method by tracking the movement of the COP.   



































)( , )(ip represents the pressure value at the i th pixel and 
)(ixs , )(iys represents the distance from the i th pixel to x-axis and y-axis respectively.  
Then by tracking the COP in each frame of the pressure movie, we can get the COP 
trajectory. Some researchers had identified the different pattern of the COP trace of 
able-bodied subjects and paraplegic patients with SCI in maintaining the long-sitting 
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position [71]. However this is based on visual observation and it is heavily depended 
on the doctor or researcher’s personal experience and is prone to be subjective. 
Instead, we calculated the displacement of COP in forward, backward, right side and 
left side directions as quantitative indicators. The correlation between COP 
displacement and postural change had been studied in SCI subjects [72]. In this 
project we will combine the COP trace and COP displacement to evaluate the 
occupant’s sitting condition. 
Here is an example of the subject sitting and slightly shifting his weight. Figure 4.19(a) 
displays the first frame of the pressure movie, and Figure 4.19 (b) shows the COP 
trace for this movie. The COP trajectory recorded can be viewed in a video format, 
and thus the weight shifting of the subject can be examined more clearly. As the COP 
only moved in the central area (the red rectangle, from row 18 to row 24, and from 
column 19 to 23 for a 48X42 matrix), we can see the subject basically maintained his 
posture and only shift slightly. Table 4.6 summarizes the COP displacement in sensor 
unit for this postural change, while one sensor unit represents one square on the 
sensor mat, and is estimated to be 14.7mm. The displacement shows the subject’s 
COP movement compared with the first frame of the pressure movies. Evaluation of 
sitting stability between different conditions, such as different postures or different 
subjects can be made by the comparison of the COP range.  




(a)                                                    (b) 
Figure 4.19  (a) A snapshot of a pressure movie (b) the COP trajectory of the pressure 
movie 
Table 4.6 The COP movement range at four directions 
 Forward Backward Right side Left side 
COP displacement       
(1 sensor unit = 
14.7mm) 
1.4481 2.0743 1.1977 3.9886 
However, further explorations about comparison between different postures, different 
subjects or different supporting surfaces using COP trace and displacement is needed 
to make diagnostic conclusion. More experiments are required to verify the efficiency 
of this method and improve it to be more robust. 
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CHAPTER 5  Subject interface pressure testing 
5.1 Objectives 
Chapter 4 presents a set of interface pressure analytical methods for general clinical 
and research applications. The algorithms are developed and tested based on some 
generated interface pressure data. In order to verify and improve the efficiency and 
robustness of these methods, subject testing experiments were conducted. 
Furthermore, although the current studies about safe sitting and comfort sitting are not 
conclusive, we proceeded to make some preliminary investigations about the basic 
characteristics of sitting and supporting surfaces. More specifically, our experiment 
aims at comparing the pressure relief and stability properties between hard surface 
and cushioning surface. In addition, the experiment is targeted at exploring the 
general sitting behaviours of normal subjects, such as weight shifting and cross-leg 
sitting by analysis of the interface pressure change.  
5.2 Experimental method 
5.2.1 Subjects 
Twelve subjects were recruited to attend the experiment. The height and weight of the 
six female test subjects ranged from 1.54 m-1.72m and 44.2 kg-65.3 kg. The height 
and weight of the six male test subjects ranged from 1.68 m-1.83 m and 51.6 kg-85.3 
kg. Subjects were excluded if they had a history of respiratory conditions, 
neurological conditions, or if they had ever experienced thoracic or lumbar spinal pain 
that required treatment or rest from normal activities for more than 2 days. All the 
Development of an approach for interface pressure measurement and analysis for study of sitting   
84 
 
subjects are young healthy people and the main anthropometric data is listed in Table 
5.1. 
Table 5.1 The anthropometric data of the experimental subjects 
 Age Height（m） Weight（kg） BMI 
Range 21~25 1.54~1.83 44.2~85.3 18.3~25.5 
Mean±S.D 23.2±1 1.68±0.08 61.97±10.69 21.74±2.26 
(BMI: Underweight = <18.5; Normal weight = 18.5-24.9; Overweight = 25-29.9 ;Obesity = BMI of 30 
or greater) 
5.2.2 Experimental setup 
As we are going to compare sitting on hard surface and cushioned surface, we 
selected a chair with a hard metal plate as the former and ROHO cushion as the latter. 
Tekscan CONFORMat (Figure 5.1(a)) was placed on top of the surface to record the 
interface pressure in this experiment, which is being put on the top of the supporting 
surface. The pressure mat will be connected to the computer via the Versatek handle 
for data transfer. 
The ROHO® Quadtro low profile cushion (Figure 5.1(b)) was selected due to its 
superior performance in pressure relief[73]. This cushion has 4 separated air zones 
which can be separated or connected together by a air zone locking valve. The amount 
of air in the cushion can be altered through an air duct on the side with a manual 
pump. The air inlet duct was attached to a vacuum switch and to a hand pump. This 
allows the air pressure in the cushion to be monitored and ensure the same inflation 
pressure settings for all subjects. The adjustment of the inflation pressure for ROHO 
cushion also follows the product operation manuals to achieve its best performance. 




Figure 5.1 (a) The experiment setup (b) ROHO Quadtro Low Profile Cushion 
   
5.2.3 Experimental procedure  
Three sitting conditions, static sitting, sway sitting and cross-leg sitting are defined as 
follow: 1) static sitting, subjects are required to keep still while maintaining the same 
posture during a given time interval. Due to our preliminary observations and 
previous studies, a slumped sitting posture with thoraco-lumber and lumber angles 
kyphosed approaching end of angle is most generally adopted by normal subjects in 
daily life sittings[4, 18]. Thus this posture, as shown in Figure 5.2, is named as central 
sitting posture and adopted for all subjects in our experiment. 2) Sway sitting, subjects 
are required to change posture at certain time. There are 4 postures studied here: 
central sitting posture, left-side sitting, right-side sitting, and slouch. Left-side sitting 
and right-side sitting are designed to simulate the weight-shifting experience for 
prolonged sitting. For these postures, subjects are required to shift all his/her weight 
to his/her left/right leg naturally and maintain that side- sitting posture for some time.  
In slouched posture, subjects will lean toward the backrest. 3) Cross-leg sitting, 
subjects are instructed to sit with their legs crossed for a certain time interval.  




Figure 5.2 The central sitting posture 
The specific experimental procedure for one subject is as follow: 
1) PMS equilibration: the PMS were equilibrated at 6 scales: 160mmHg, 
120 mmHg, 100 mmHg, 80 mmHg, 50 mmHg, 30mmHg using the 
vacuum equilibration system. 
2) Record the subject's height and weight.  
3) PMS calibration: the subject sited in the chair with feet not touching the 
floor. The system was then calibrated by the subject’s body weight.  
4) Static sitting on HS for 5 minutes.  
5) Sway sitting on HS for 5 minutes:  The subject was required to keep 
central sitting for 2 minutes, then change to left-side sitting, right-side 
sitting, and slouched sitting for 1 minute respectively.  
6) Cross-leg sitting on HS for 5 minutes: The subject will need to change to 
left leg crossed sitting for 2 minutes after 1 minute of central sitting and 
followed by right leg crossed sitting for another 2 minutes. 
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7) Put the ROHO cushion on the chair, and set the PMS on the top of it. 
Then repeat Step 4) to 6).  
The pressure data acquisition parameters for step 4) to 6) were set as shown in Figure 
5.3 for Tekscan CONFORMat Research 6.20. For each subject, the experimental 
duration is estimated to be 30 minutes, which is endurable for the seated people which 
6 sessions of pressure movies will be recorded. 
 
Figure 5.3 The data acquisition parameters for all the three session of pressure record 
 
Temporal pressure data from the Tekscan software for all 12 subjects were exported 
for data analysis (Matlab, The Mathworks, USA). All data are preprocessed for outlier 
removal and image reconstruction.  
Our emphasis is mainly to examine the viability of the developed interface pressure 
analytical method and identify possible directions for further efforts. At the same time, 
we also try to make some preliminary investigations about supporting surfaces and 
sitting behaviors.  
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The static pressure concentration areas where pressures exceed 80 mmHg, 100mmHg 
were identified for static sitting on the HS and ROHO cushion for comparison. As 
there are multiple frames in the static pressure movie, the computed cf for all the 
frames were averaged over the entire movie for each condition. To evaluate the 
dynamic pressure change in cushioned sitting, we took the static sitting on HS as 
movie A, and static sitting on ROHO cushion as movie B, then used the dynamic 
pressure concentration identification method to evaluate the pressure relief 
characteristics of ROHO cushion. Furthermore, the side-sitting are also compared 
with central sitting to give an intuitive illustration about the pressure relief.  For 
sitting stability evaluation, the sway sitting and cross-leg sitting are compared 
between HS and ROHO cushion.  The COP trajectories for all conditions were figured 
and the ranges of COP were compared.  
5.3 Results and discussion 
As discussed in chapter 4, the image registration method used Hausdorff distance as 
matching indicator, which is very sensitive to outliers. The neighborhood based image 
preprocessing method was applied for all the experimental date and it achieved good 
processing results for all the experiment data. Figure 5.4 shows an example of 
applying the preprocessing method to one frame of the cross-leg sitting pattern. It can 
be seen that the outliers are removed. The preprocessing is applied to all the frames of 
the data. As the processing time for one frame of pressure pattern is estimated to be 
0.023s, thus the high efficiency enables this process to be handled quickly. Thus this 
method is suitable for high volume data processing. 




Figure 5.4 The original pressure pattern and preprocessed pressure pattern 
 
 Static pressure concentration rate fc 
The static pressure concentration rates fc for static sitting on both HS and ROHO 
cushion are compared, and the results are summarized in Table 5.2. It can be seen that 
the ROHO cushion reduced the area where pressure exceeds 60mmHg by 82% and 
99% for 80mmHg compared with sitting on hard surface. This verified that the ROHO 
cushion has better pressure relieving capacity.   
Furthermore, the area under moderate pressure (45mmHg) did not change too much 
for HS and ROHO cushion. This can be well explained by the reason that ROHO 
cushion reduced the peak pressure by providing a larger contact surface at the 
interface. Thus more intermediate pressures values are produced at these areas.   In 
summary, the interface pressure on ROHO cushion is more even with fewer peaks 
compared with the hard surface.  
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Table 5.2 The fc for static sitting on HS and ROHO for three threshold levels 
Threshold criT  
45mmHg 60mmHg 80mmHg 
HS 0.383±0.191 0.211± 0.125 0.114±0.059 
ROHO 0.302±0.240 0.038±0.051 0.001±0.003 
 
Figure 5.5 shows a snapshot of one subject who kept static sitting on hard surface (a) 
and ROHO cushion (b). These figures partly verified the  cf  in Table 5.2 and provide 
relative display results for qualitative visual examination.  
 
(a)                                                                                 (b) 
Figure 5.5 3D display of the typical pressure distribution  
pattern of sitting on (a) hard surface (b) ROHO cushion 
 
   Dynamic pressure change 
By following the steps of dynamic pressure change analytical method (section 4.4), 
the area where the pressure has changed significantly can be identified when 
comparing two pressure movies. Due to the display limitations, only one snapshot of 
the pressure movie is showed here. In addition, we have done three parts of 
experiments, static sitting, side sitting and cross-leg sitting. The comparison of 
dynamic pressure change will be organized into three parts:  1) Pressure change 
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between sitting on ROHO cushion and hard surface by comparing the static sitting on 
these two surfaces; 2) Pressure change between side sitting and static sitting on both 
ROHO and HS; 3) Pressure change between cross-leg sitting and static sitting on both 
ROHO and HS.  The area where pressure have changed significantly (α=0.05) will be 
identified and compared. As the profiles of different subjects varied significantly, and 
the musculoskeletal conditions also varied, it will be inconclusive to make 
comparison between subjects. The analysis in this part will be intra-subject.  
1) Pressure change between static sitting on HS and ROHO 
For Subject s07, pressure measurements during the static sitting on both hard surface 
and ROHO cushion show good result (Figure 5.6 (a) and (b)), but there are some 
outliers for the HS pattern and some vacancies for the ROHO one.  After 
preprocessing, the sitting regions are clearly segmented and then restored (Figure 5.6 
(c) and (d)). The elimination of noise is important as the PSO based registration 
method is sensitive to noise, which has been discussed in chapter 4. Both the patterns 
“appeared” to show reasonable spatial alignment, but PSO based registration method 
was still applied to align images and correct any differences in alignment that are not 
visually obvious (Figure 5.6 (e)). It can be seen that after registration, the two 
pressure movies are aligned at the IT region and thigh area. This registration step was 
also done for all the other subjects.   Visual evaluation of HS/ROHO pressure patterns 
appeared to indicate that the ROHO decreased the pressure concentration (i.e. the IT 
region) by enlarging the contact area.  However, this could not be shown to be 
statistically significant without further detailed analysis.  
After applying the t-type test to access changes between HS and ROHO pressure data 
sets it could be seen that pressures were significantly reduced bilaterally over time 
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(the red region in Figure 5.6 (g) and (h)). The analysis results identify the regions, as 
shown in Figure5.6 (h), of the pressure reduction. The pressure under IT region was 
significantly relieved by ROHO cushion compared with sitting on hard surface. This 
further verified the pressure relief capacity of ROHO cushion, especially at the 
sensitive IT region.  
 
(a)Original pressure pattern for HS      (b) Original pressure pattern for ROHO 
 
(c) Preprocessed pressure pattern for HS  (d) Preprocessed pressure pattern for ROHO 
 
(e) Registration of HS and ROHO pressure movies   (f) Difference movie 




(g) t movie                                      (h) FDR movie: the pressure reduced area 
Figure 5.6  Dynamic pressure change analysis: Subject s07. 
 
2) Pressure change between central sitting and side sitting 
For subject s03, the pressure changes when comparing sitting on one side 
(left/right/back) with central sitting are summarized in Table 5.3. The difference map 
is generated by using the one side sitting movie to minus the central sitting moie 
frame by frame. The entire analysis process is similar as the previous comparison; 
thus only the FDR maps are listed.  
Consistently, the FDR map shows the regions of pressure reduction when changing 
posture.  The red region shows the area where pressure significantly reduced in side 
sitting comparing with central sitting on both hard surface and ROHO cushion. As 
shown in this table, in left sitting, the pressure under the right thigh is significantly 
reduced, and the result is similar in right sitting. It is noted that sitting on the back, 
namely the slouch, the pressure at the IT region is reduced with raised pressure at 
thigh areas. In addition, when sitting on ROHO, the sitting area is larger than the one 
sitting HS, the relived area is also larger accordingly.   
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Table 5.3  Dynamic pressure change for side sitting on HS and ROHO 
 left right back 
HS 
   
ROHO 
   
 
The result is agreeable with our common sense: when sitting on left leg, the pressure 
at the right leg is relieved and vice versa; when sitting lean to the back, the two legs 
will be slightly lifted, thus the pressure at the legs are relieved at the sacrum region. 
Be different from sitting on hard surface, the pressure pattern on ROHO cushion 
shows discrete pressure reduction due to the cellular structure of ROHO cushion. In 
addition, the sitting area for ROHO cushion is also bigger as more flexible supporting 
surface presented. The results displayed here verified the pressure relief 
characteristics of shift sitting and posture change in prolonged sitting, which are 
recognized as beneficial to human body. 
3) Pressure change between central sitting and cross-leg sitting 
Cross-leg is a common posture in sitting for normal subjects. The dynamic pressure 
change analytical method is applied to track the pressure change when changing 
posture from natural sitting to cross-leg sitting.   As shown in Table 5.4, when subject 
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s03 took a left leg crossed posture, the pressure under the left thigh is reduced 
significantly and vice versa. This can be easily explained that when people change to 
left-leg crossed sitting, he will lift his left leg and put it on the right leg. But it is noted 
that the pressure at some part of the right leg is also reduced as the right leg is also 
slightly lifted during a left-leg crossing posture. For sitting on cushion, the result is 
similar with sitting on hard surface. 
Table 5.4  Dynamic pressure change for cross-leg sitting on HS and ROHO 






 Dynamic sitting sway 
The subject testing experiment was organized into three parts as static sitting, side 
sitting and cross-leg sitting. In static sitting, the subjects mainly kept the same posture, 
thus the sway analysis is not necessary. The typical COP trajectory patterns for side 
sitting and cross-leg sitting are shown in Figure 5.7.  
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First, the COP pattern for sitting on hard surface is evaluated. As shown in Figure 5.7 
(a), the COP stayed at point A1 in central sitting, and then it moved to point A2 in 
right side sitting and A3 in left side sitting and finally went to A4 in slouch sitting.   In 
cross-leg sitting (Figure 5.7 (b)), the COP moved from central B1 (central sitting) to 
right B2 (left-leg crossed sitting), and then went through left B3 (right-leg crossed 
sitting) to central B4.  Second, the COP pattern of sitting on ROHO cushion is plotted 
in Figure 5.7 (c) and (d). With same sitting behaviors, the COP patterns on ROHO 
cushion show similar movement. In side sitting, the four staying point of COP can be 
identified, as red circle in the figure, and thus the trace of the COP agrees well with 
human posture change. Similar points can be found for cross-leg sitting on ROHO 
cushion.  
 
 (a) Side sitting on HS                                        (b) Cross-leg sitting on HS 
 
(c) Side sitting on ROHO                            (d) Cross-leg sitting on ROHO 
Figure 5.7 The typical COP trajectory patterns for side 
 sitting and cross-leg sitting on HS and ROHO (s07) 
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The trajectory agrees well with the experimental procedure and shows similar pattern 
on both HS and ROHO for all subjects. This result suggests the COP trace could be a 
useful tool in assessing and monitoring the subject’s postural change. However, the 
results for side sitting show a more messy condition. The COP patterns varied 
between HS and ROHO for same subject, and also different inter-subject. This can 
explained by the fact that cross-leg sitting is a more standard and familiar posture for 
people while in side sitting, people tends to sit differently. 
Furthermore, Figure 5.8 plots the COP trajectory for subject s10 in side sitting (solid 
line rectangle) and cross-leg sitting (dash line rectangle). It is obvious that in side 
sitting, people tend to shift posture significantly to greatly relieve the pressure 
concentrated area. In cross-leg sitting, COP is confined to a narrower range. This 
indicates cross-leg sitting is a more stable compared with side-sitting for our 
experiment. 
 
Figure 5.8 COP trajectory of side sitting and cross-leg sitting on hard surface (s10)  
 
The range of COP which includes the COP movements in the front/back/left/ right 
directions for different sitting conditions are summarized in Table 5.5 and displayed 
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in Figure 5.9Error! Reference source not found.. The data is averaged for all the 12 
subjects. In both side sitting and cross-leg sitting, the movement towards the front 
direction is least due to the pre-limited experiment procedures. For side sitting on both 
surfaces, the leftward COP movement is the largest. For cross-leg sitting, COP 
movements on leftward and rightward are nearly the same on hard surface.  This is 
different from cross-leg sitting on ROHO which got larger leftward COP movement. 
Furthermore, it is noted that in cross-leg sitting, both the leftward COP movement and 
rightward movement on ROHO are larger than HS.  This indicates the HS provides 
better stability than ROHO cushion in cross-leg sitting. But due to the messy COP 
trajectory patterns of side sitting, the stability characteristics in side sitting are 
inconclusive.   
Table 5.5 COP movement range in side sitting and cross-leg sitting on HS and ROHO  
Distance (1 sensor 
unit=14.7mm) 
Front Back Left Right 
1)side sitting on HS 0.975±0.441 2.225±1.277 6.717±0.991 6.266±1.159 
2) Cross-leg sitting on HS 0.076±0.552 3.337±1.249 1.799±2.659 1.686±2.414 
3) Side sitting on ROHO 0.441±0.527 2.973±1.48 5.332±2.765 4.688±2.25 
4) Cross-leg sitting on ROHO 0.494±0.536 2.873±1.388 4.983±2.593 4.388±2.299 





Figure 5.9  The comparison of the range of COP trajectory: 1) side sitting on HS; 2) 
Cross-leg sitting on HS; 3) side sitting on ROHO; 4) Cross-leg sitting on ROHO. 
From the subject testing experiment, it is verified that the proposed interface pressure 
analytical method can provide consistent result. Furthermore, by examine the high 
pressure area for single pressure pattern in static sitting; it is found that ROHO 
cushion can greatly eliminate the pressure peaks. This comparison is single threshold 
based method. In clinical studies, doctors should be clear about the threshold value 
which he would like to investigate. Usually, some certain threshold, such as the 
generally adopted injury threshold 60mmHg for 1 hour is used for discrimination [74].  
In addition, the area where pressure is reduced can be further identified by our 
dynamic pressure change analytical method in a more rigorous way. The conclusion 
can be made that at the identified area, the pressure is reduced at 95% confidence 
level during the sitting duration. The results of dynamic pressure change analysis are 
consistent with the experiment conditions, and this prepares the method for more 
general applications. For example, the method can be used to track the buttock muscle 
stimulation treatment, compare different supporting surfaces and postures. In our 
experiment, the ROHO cushion presents significant pressure relief at the IT region in 
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static sitting compared with hard surface.  Furthermore, when comparing different 
sitting postures such as side-sitting and cross-leg sitting with central sitting, the 
pressure relief effect of the posture change can be verified. The cross-leg sitting is 
usually not recommended as the pressure relief is only at the thigh area which will 
cause the degradation of IT area.    
Study on the COP of the side sitting and cross-leg sitting indicates one defect of the 
experiment design due to people’s sitting behaviors.  According to our study, the COP 
trajectory pattern of side sitting is messy. This means the subjects sit differently in 
side-sitting. The range of COP trajectory is a quantitative measurement for stability 
evaluation on different postures or different supporting surfaces. Usually larger COP 
movement means a poor stability. In our experiment, under identical cross-leg sitting 
on hard surface and ROHO cushion, the latter may provide less stability. However, 
there are many factors which affect the sitting stability and using COP range to 
characterize the sitting sway may be too much of a simplification that can lead to 
wrong identification. 
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CHAPTER 6 Conclusions and recommendation 
6.1 Conclusions 
Prolonged sitting is harmful for both normal subjects and disabled people. The 
interface pressure between the human buttock and the supporting surface has been 
generally adopted as a convenient and efficient measure for study on sitting. It has 
been extensively used to evaluate the sitting behaviors of subjects, the characteristics 
of supporting surfaces and many other applications. Interface measurement 
instrumentation has been advancing rapidly in recent years, and it can now capture the 
interface pressure distribution at high spatial and longitudinal resolution. However, 
the present interface pressure analysis techniques did not keep pace with the hardware 
development. Furthermore, current interface pressure analysis techniques are usually 
application-oriented, which means the techniques are usually developed for specific 
applications and not applicable for general use.  
To provide accurate interface pressure measurement and general interface pressure 
analysis tools for sitting diagnosis, a systematic evaluation of major pressure 
measurement sensors was conduct and a set of interface pressure analysis techniques 
has been developed. Three interface pressure measurement sensors, Tekscan 
Flexiforce sensor, BPMS and CONFORMat were compared and finally the 
CONFORMat was selected to be characterized.  The crosstalk interference and 
inactive sensors affecting thresholding were investigated for avoidance of such 
phenomena. Furthermore, the calibration formula and drift characteristics of 
CONFORMat were identified to compensate the measurement error.  
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The set of newly developed interface pressure analytical methods integrated with 
pressure pattern recognition tools aimed at providing more rigorous and quantitative 
results. Basic preprocessing techniques include preprocessing of the interface pressure 
data and the pressure pattern registration method. The neighborhood based 
thresholding method is effective in removing outliers and reconstructing the vacancies 
in the pressure pattern. For pressure pattern registration, the PSO based registration 
method used Hausdorff distance as pattern matching indicator, and was verified to be 
robust. After preprocessing, static pressure concentration can be identified for single 
frame of pressure pattern while dynamic pressure change analytical method can 
provide more rigorous result about the pressure change for pressure movie. For 
dynamic sitting, the COP trajectory can be plotted for tracking the subject’s posture 
changes and the range of the COP trace can be used to evaluate the subject’s sitting 
stability, an important aspect of evaluation of supporting surface and posture.  The 
developed interface pressure analytical methods were further tested by human subject 
testing. By using the analytical methods, preliminary studies were conducted to 
compare the effects of using a hard surface and the ROHO cushion.  The latter was 
verified to have superior pressure relief characteristics with reduced pressure peaks 
and enlarged contact surface. The side sitting posture and cross-leg sitting posture 
were compared for pressure relief and COP trace. The former has a better pressure 
relief capacity while the latter has a smaller COP movement range, which is usually 
related to better stability.  
In conclusion, this project completed a systematic body of work on interface pressure 
measurement, analysis and verification. 
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6.2  Recommendation for future work 
  Study of interface pressure measurement on human subject. Current 
characteristics of the CONFORMat are mainly limited to static weight loading. 
However, the system should be examined under different human sitting 
conditions. For example, the testing of different supporting surfaces and 
different groups of subjects, such as wheelchairs and amputees.  
 Estimation of algorithm errors to make the analytical method more robust. In 
the computation of dynamic pressure change, preprocessing, registration and 
smoothing method were used; these will introduce minor error in data. 
Reasonable method for measurement of the error is needed to understand the 
difference between the “processed” data and original measured data. 
 Extended application of Interface pressure analytical method. The developed 
interface pressure methods are based on pattern recognition tools and thus can 
be applied to other applications. For example, the PSO based registration may 
also be applicable for X-ray Computed Tomography (X-ray CT) and Magnetic 
Resonance Imaging (MRI) image registrations. The COP trajectory analysis 
can also be used in the stability evaluation for walking pressure patterns.  
 Further biomedical studies about sitting. In this project, only a number of basic 
aspects of sitting, such as pressure relief and COP movement are studied here. 
In practical clinical applications, there will be more demands and anticipations 
for interface pressure analysis results. Further field studies about important 
and diagnostic pressure features need to be conducted for future algorithm 
development. 
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